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ABSTRACT 

This  r e p o r t  is  t h s  second of  t w o  documents which p r e s e n t  t h e  

r e s u l t s  of conceptual  des ign  s t u d i e e  o f  tilt r o t o r  and tandem 

h e l i c o p t e r  a i r c r a f t  f o r  a 200 n a u t i c a l  mile commercial. s h o r t  

h a u l  t r a n s p o r t  mission.  The primary resclts of  t h i s  s tudy  

a r e  r epor ted  i n  Volume I. This  volume p r e s e ~ l t s  t h e  t r a d e  

s tudy d a t a  used i n  s e l e c t i n g  t h e  des ign  p o i n t  a i r c r a f t  and 

technology d e t a i l s  necessary  t o  suppor t  t h e  des ign  conclu- 

s i o n s .  

The des ign  s t u d i e s  r e p o r t e d  h e r e i n  were performed by t h e  

Boelng Ver to l  Company f o r  t h e  Na t iona l  Aeronautics  and Space 

Administrat ion under NASA Cont rac t  NAS2-8048. 



This report was prepared by the Boeing Vertol Company for 

the National Aeronautics and Space Administration, Ambs 

Research Center, under NASA Contract NASZ-8048. 

Mr. D. Giulianetti and Mr. K. H. Edenborough were techdcal 

monitors for this work. 
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1.0 INTRODUCTION 

This report presents results of a conceptual design study 

of VTOL commercial transports in the 1985 time frame. Two 

configurations have been studied - the tandem rotor helicopter 
and the tilt rotor. These aircraft are designed to carry 

100 passengers over a 200 nautical mile mission. 

The primary results of this study are reported in Volume I. 

This document is intended to serve as a backup document 

and contains the trend studies which were performed to 

define the design point aircraft and also technical data t.r 

provide background and verification of design details. 

The objectives in performing these studies were twofold. 

The primary objective was to define two aircraft, one of 

each configuration which minimized direct operating costs 

for the short haul mission within realistic technology con- 

straints. The design characteristics of the aircraft are to 

be used in a larger study of short haul transportation systems 

to be done by NASA. 

The secondary objective was to identify the aircraft size, 

weight, performance, costs and noise levels in order that the 

configurations can be compared with other forms of transpor- 

tation available to the short haul traveller. 

The trade studies which were performed to allow design point 

aircraft selection are included in this volume in Section 2. 

Section 3 provides supporting data in each of the technology 

disciplines pertinent to the preliminary designs and finally 
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for completeness the study guidelines are included in 

Section 4. 



2.0 SIZING AND TREND STUDY DATA 

The process  of s e l e c t i n g  a v e h i c l e  f o r  a given mission 

r e q u i r e s  s e v e r a l  parametr ic  t r a d e  s t u d i e s  t o  e v a l u a t e  t h e  

impact of t h e  des ign  parameters  on t h e  v e h i c l e  weight ,  

performance and c o s t s .  The tandem h e l i c o p t e r s  were s i z e d  

us ing  an automated i t e r a t i v e  procedure HESCOMP. This  program 

was developed by Boeing V e r t o l  f o r  NASA under NASA Cont rac t  

NAS2-6107. The tilt r o t o r  a i r c r a f t  were s i z e d  us ing  VASCOMF 

which i s  a  s i m i l a r  program t o  HESCOMP, b u t  s p e c i f i c a l l y  

designed t o  handle V/STOL a i r c r a f t .  These programs a r e  

documented i n  References l a n d  2 .  

A t  t h e  s t a r t  of t h e  development of a new a i r c r a f t ,  some 

i n i t i a l  e s t i m a t e s  of t h e  des ign  parameters  must be made based 

on simple p re l iminary  c a l c u l a t i o n s  and exper ience .  These 

d a t a  form t h e  b a s i s  f o r  t h e  f i r s t  t r a d e  s t u d i e s  from which 

t h e  b e s t  va lues  of each of t h e  impor tant  parameters  can be 

s e l e c t e d .  9s t h e  t r a d e  s tudy p rogresses  the d e t a i l s  of  t h e  

v e h i c l e  become b e t t e r  d e f i n e d  and t h e  f i n a l  t r a d e  s t u d i e s  

al low t h e  s e l e c t i o n  of t h e  a i r c r a f t .  

In  t h i s  series of t r a d e  s t u d i e s  t h i s  e x e r c i s e  was pursued 

f o r  t h e  b a s e l i n e  a i r c r a f t  t o  d e f i n e  t h e  a i r c r a f t  wi th  minimum 

d i r e c t  o p e r a t i n g  c o s t  a t  200 n a u t i c a l  mi le  range. Following 

d e f i n i t i o n  of  t h e  b a s e l i n e  a i r c r z f t , p e r t u r b a t i o n s  i n  t h e  

des ign  parameters were made and t h ?  impact on t h e  500-foot 

s i d e l i n e  hover no i se  l e v e l s  determined. From t h e s e  s t u d i e s  

t h e  most e f f e c t i v e  means of varying t h e  t akeof f  no i se  l e v e l s  



were def ined  and f u r t h e r  t r a d e  s t u d i e s  performed t o  a l low 

t h e  - +5 PNdB a i r c r a f t  t o  be s e l e c t e d  f o r  each c o n f i g u r a t i o n .  

The t r a d e o f f  d a t a  de r ived  from t h e s e  s t u d i e s  f o r  both  tandem 

h e l i c o p t e r  and tilt r o t o r  a i r c r a f t  a r e  p resen ted  i n  t h e  

fo l lowing s e c t i o n s .  

2.1 TANDEM ROTOR iIELICOPTER - SIZING TRADES 

The i n i t i a l  e s t i m a t e s  of des ign  d a t a  f o r  the tandem r o t o r  

h e l i c o p t e r  were t h a t  it would have t h r e e  eng ines ,  have a r o t o r  

t i p s p e e d  of 750 f e e t  p e r  second, a  gap t o  s t a g g e r  r a t i o  of 

0.09, and would c r u i s e  a t  hover t ipspeed .  Th i s  i n i t i a l  a i r -  

c r a f t  was set up t o  s i z e  t h e  m t o r  s o l i d i t y  f o r  t h e  CT/a 

l i m i t  shown i n  Sec t ion  3. The f i x t  s i z i n g  d a t a  was performed 

f o r  t h r e e  d i f f e r e n t  s i z e s  of a i r c r a t e  (50, 75 and 100 passen- 

g e r s )  and a l s o  f o r  a i r c r a f t  d i s c  load ings  between 6 and 10 

pounds pe r  square  foot .  The d a t a  from t h e s e  a i r c r a f t  -=ma- 

m e t r i c s  a r e  shown i n  F igures  2 . l a  t o  2.ld.  The r e s u l t s  show 

t h a t  t h e  minimum weight  a i r c r a f t  occurs  a t  a  d i s c  loading 

of 9 pounds p e r  square  f o o t ,  and t h a t  c r u i s e  speed is n o t  

very s e n s i t i v e  t o  d i ~ c  Izzding.  

S ince  t h e  fuse lage  l e n g t h  was h e l d  c o n s t a n t  f o r  a  f i x e d  number 

of  passengers  t h e  overlap of  t h e  r o t o x s  v a r i e s  wi th  d i s c  

loading and r o t o r  d iameter  a s  shown i n  Figvrea 2 . l a  and 2.lb.  

The i n s t a l l e d  power and mission f u e l  i n c r e a s e  wi th  d i d c  load- 

ing .  The e q u i v a l e n t  d rag  a r e a  is i n s e n s i t i v e  t o  d i s c  load ing ,  

b a t  e x h i b i t s  a  minimum a t  W/'A - 9 pounds p e r  square  f o o t .  



The g e n e r a l  s i z e  of  t h e  100 pas senge r  a i r c r a f t  is well 

w i t h i n  t h e  c u r r e n t  e x p e r i e n c e  r ange  f o r  tandem h e l i c o p t e r s  

and r e s u l t e d  i n  t h e  s e l e c t i o n  o f  a  100 pas senge r  v e h i c l e .  The 

100 pas senge r  a i r c r a f t  was n e x t  s i z e d  w i t h  a gap t o  s t a g g e r  

r a t i o  o f  .09,  t h r e e  e n g i n e s  w i t h  t h e  c r u i s e  performed a t  

3,000 f e e t  a s  shown i n  F i g u r e s  2.2a t o  2 . 2 ~ .  

S i m i l a r  s i z i n g  d a t a  were g e n e r a t e d  a t  6,500 f e e t  a l t i t u d e  

( F i g u r e s  2.3a t c  2 . 3 ~ )  and a t  10,000 f e e t  a l t i t u d e  ( F i g u r e s  

2.4a t o  2 . 4 ~ ) .  

The b e s t  c r u i s e  a l t i t u d e  f o r  t h e  tandem h e l i c o p t e r  i s  a t  s e a  l e v e l  

however, an  o p e r a t i o n a l  a l t i t u d e  o f  5,000 f e e t  was s e l e c t e d  

s i n c e  s 2 a  l e v e l  o p e r a t i o n  i s  n o t  p r a c t i c a l  and p o t e n t i a l  

t e r m i n a l s  cou ld  be as h i g h  as 5,000 f e e t  (e .g . ,  Denver ) .  

Another c o n s i d e r a t i o n  i n  s e l e c t i n g  5,000 f e e t  a s  t h e  oper -  

a t i o n a l  a l t i t u d e  was t o  a l l o w  s u f f i c i e n t  a i r  s p a c e  f o r  

e n t r y  i n t o  a u t o r o t a t i o n  shou ld  t h i s  become n e c e s s a r y .  

F i g u r e s  2.5a t o  2.5d show t r a d e  s t u d y  d a t a  f o r  v a r i o u s  t i p -  

speed r a t i o s  between hover  and c r u i s e  f l i g h t  a t  a d i s c  l o a d i n g  

of 9 pounds p e r  s q u a r e  f o o t .  Although r educ ing  t h e  r o t o r  RPM 

i n  c r u i s e  p r o v i d e s  a  c r u i s e  speed i n c r e a s e  t h e r e  is a  l a r g e  

p e n a l t y  i n  a i r c r a f t  weight  due t o  i n c r e a s i n g  r o t o r  s o l i d i t y ,  

and r o t o r  system weight .  I t  was dec ided  a t  t h i s  p o i n t  t o  f l y  

t h e  mi s s ion  a t  c o n s t a n t  RPM. 

The i n i t i a l  e s t i m a t e s  of  we igh t  c o n s t a n t s  and d r a g  t r e n d s  

e s t i m a t i o n  f o r  t h e  i n i t i a l  s t u d i e s  were reworked to  p r o v i d e  

updated i n p u t  d a t a  which more c l o s e l y  r e f l e c t e d  t h e  s i z e ,  



weight and type  of t h e  a i r c r a f t  and component p a r t s .  Ueing 

t h i s  updated informat ion  t h e  i n i t i a l  t r a d e  s t u d i e s  f o r  t h e  

e f f e c t  of numher of passengers ,  d i s c  loading. and t i p s p e e d  

were re run  a t  5,000 f e e t  a l t i t u d e .  These d a t a  a r e  p resen ted  

i n  Figures  2.6a t o  2.6m, and inc lude  d a t a  f o r  t h e  500-foot 

s i d e l i n e  no i se  and d i r e c t  o p e r a t i n g  cost i n  c e n t s  p e r  s e a t  

mi le  i n  Figures  2.6e, 2.6f and 2.7d. This  d a t a  conf inds  

t h a t  a d i s c  loading of 9 pounds p e r  square  f o o t  c o i n c i d e s  

wi th  minimum d i r e c t  o p e r a t i n g  c o s t  a t  a  t ipspeed  of 750 f e e t  

pe r  second and a l s o  t h a t  t h e  l a r g e s t  a i r c r a f t  (100 passengers)  

i s  t h e  most c o s t  e f f e c t i v e  i n  terms of  d i r e c t  o p e r a t i n g  

c o s t .  

A t  t h i s  p o i n t  i n  t h e  s tudy a d i s c  loading o f  9 pounds p e r  square  

f o o t  was f i x e d  f o r  a  100 passenger a i r c r a f c .  The n e x t  a r e a  

of  i n v e s t i g a t i o n  was t o  determine t h e  impact of  i n c r e a s e d  

t ransmiss ion  r a t i n g  over  t h e  g u i d e l i n e  c r i t e r i o n .  Th i s  was 

done t o  i n c r e a s e  c r u i s e  speed and o b t a i n  a  lower d i r e c t  

opera t ing  c o s t .  The t r e n d  d a t a  r e s u l t i n g  from t h e s e  camputa- 

t i o n s  is  shown i n  Figures  2.8a t o  2.8f. 

Figure 2.8a shows t h e  v a r i a t i o n  of g r o s s  weight  and d o l l a r s  

pe r  a i r  m i l e  wi th  hover t i p s p e e d  and t ransmiss ioq  torque  

r a t i o .  The t ransmiss ion  torque  r a t i o  i s  de f ined  as to rque  

c a p a b i l i t y  over  t h e  torque  requ i red  i n  hover ,  a l l  engines  

opera t ing .  

The s e l e c t e d  v e h i c l e  was a t  725 f e e t  p e r  second hover t ipspeed  

and a torque  r a t i o  of 1.04. A f u r t h e r  r educ t ion  o f  t i p s p e e d  



to 700 feet per second would provide a slightly lower direct 

operating cost, however, the increase in gross weimht and 

therefore initial cost would be large. 

The geometric and performance parameters for these trend 

aircraft are displayed in Fig~res 2.8b through 2.8f. 

This discontinuity in the cruise speed plot (Figure 2.8d) 

occurs at a point where the transmission rating matches the 

power available, all engines operating, in cruise at R-sign 

crdse altitude and velocity. 

The aircraft selected from the trend data weighed 65,100 

poundz. The next step in the refinement process was to 

provide detail checks on all the input parameters, for 

example drag, weight trends, etc. 

Some further refinements included the elimination of overlap 

which necessitated increased aft pylon sweep. Additional 

entrance/egress capabilities were provided to allow emergency 

egress capability compatible with FAR 29. 

The parametrics defined by the trend study and the upd~ted 

weights, drag and geometric variables were then used to size 

the final design point aircraft which resulted in a design 

gross weight of 67,175 pounds as shown in Volume I, Table 2.2 

acd also Section 3 of this dccument. 



I 
, , I , .  























1 , .  
1 

I ! ,  

. --- 
I.' q .; 

4 c 









...
.. i f f.

. 
: 

E! I-' 0
 

I
 

t-' 0
 

w
 

U
I 

Q
D

 

I N
 





T
a

d
em

 i
lo

li
o
o
p

tr
r
 - m

m
b
u
 

o
f
 P

u
u

n
g

u
 T

r-
. 

S
IP

- 
--

m
o

m
: 

- 
f

it
it

d
o

 - 5,0
00

 
to
at
, 

...
...
 
-
 -..
.-
..
. 

. 
-.
 

E C
1 

...
.. 

0
 

I 
.

.
.

.
.

.
 

. 
0
 

Q
D

 
C

tl 
Q

D
 

' 

I 
I!

 
N

r
 













-*-.-.- -.-. 
ENGT NE I l?LET 
j ; ~ ~ ; r  ]<u v;;,gp.u ~ 7 1  - .*-.-.-- .. '-a 

" :OtS0M l3lcC).7\1)!!;\!.11) --- - - 
!O'J'0]1 RO')'AT:f <ll<>-L - - w - - - u I I I 0-  

t i  W . ~ L  S YI? C!L1l~Ufl - **\ 

NOY DISTRIBUTION 

Figure 2.69. ~andeun 8=i icopter  - ~umbetr. of Pamaengar Trade. 
Tipmpeed = 750 FPS. A l t i t u d e  = 5,000 Feet.  

J- /- 
1 - / 

" /- 
i \ 

/' ,+--- \ 
/' 

0 
/-• 

\ 
> 

0. 
0. 

a s: *-,--o*T.. --:-.. * x*---r----f b 

0 31.5 6 3  125 250  500 1K 2K 4K 8K 
OCTAVE BAND 

-... 

, HELICOPTER, CASE I ,  HOVER NOISE SPECTRUM AND NOY DISTRIBUTION, 
1 0 0  PASSENGERS, VT = 7 5 0 ,  W/A = 1 0  - PNdB 9 7 . 9  



U.-......IW*L ENG J IW :I RLCT 
ENGj:];L; ) IX) . l l i i l ~ ' . l"  - *.-** -.e 

WO'l'OiI F!1:0i'+n13.h1~.7? ---------- *a 

JiCn'Ol: l{o'!:?\!i'J O Z L  -- ---- ------ ~ ~ m i ~  L P L C @ ~ W ; ~  e 
1, \ o ! - * . - - ~ r r r . .  - 

. - 

'"I NOY DISTRIBUTION 

0 31.5 63 125  250 500 1K 2K 4K 8 K  
OCTAVE a\m 

Figure 2.Gh. Tandem lielicopter - lhabmr of Pe8unger.Tr.ade. 
Tiprpoed r . 7 5 0  PPS. Altitude - 5,000 Peat. 

32 



NOY DI STRXBUTION 
> 

OCTAVE BAND 

. HELICOPTER, CASE 3 ,  HOVER NOISE SPECTRVII AND NOY DISTILIBVTION, 
1 0 0  PASSENGERS, VT - 7 5 0 ,  W/A -6 .  PNdB = 96.9 



' SOUND PWSSU RE LEVEL, . . 

. .  . 

ENG 1%' TJTJET -.-.-- .- 
a h1, )~.nMAUS'J' -- ---*- - 0. ~ w f  
! 13COAD!3:+1\~ -- -- - -- - 

<O'J1OJX RO'J'.I\'l"L O?iiL - - - - - - - - - - * *  Yc'*J'o' 
TOTAL s YISCT~UA -- 

'1 NOY DISTRIBUTION 

- ~~ 

31.5 6 3  125 250 500 1K 2K 4K 8 K  0' 
OCTAVE DAND 

HELICOPTER, CASE 4 ,  HOWR NOISE SPECTRUM A~OD NOY DI~TRZBUTION, 
75 PASSENGERS, VT = 7 5 0 ,  W/A = 10, PNdB = 9 6 . 7  



WOY DISTRIBUTION 

5 . 

*,%$ eC 

/ / 
0 00-*-• L 

/ ,/ 
/* . .., - - - r . - * - ~ * * - * r - = - ~  4 

31.5 63 125 250  500 1K 2K 4K 8K 
OCTAVE BAND 

b HELICOPTER, CASE 5 ,  HOVER NOISE SPECTRUM AND NOY 
DISTRIBUTION, 7 5  PASSENGERS, VT = 7 5 0 ,  W/A = 8 ,  t 

PNdB = 96 1 
i 

F i g u r e  2.6k. Tandom H e l i c o p t e r  - lumber o f  Parranger T r r & - , - . T l ~ ~ d  - -  . 
= 750 FP8. A l t i t u d e  - 5 , 0 0 0  P t .  



NOY DISTRIBUTION 

V 
OCTAVE BAND 

,-. . --- . . -- .-. 

HELICOPTER, CASE 6 ,  HOTTER NOISE SPECTRUM AND NOY 
DISTRIBUTION, 75 PASSENGERS, VT = 750 ,  W/A = 6 ,  
PNdB = 9 4 . 7  

. . 
Figure 2.61'; Tandem Helicopter - Number of' pakengar Trade. 

Tipspeed = 750 FPS. Alt i tude = 5 , 0 0 0  Feec 



loo[ 

. SOUND PRESSURE LEVEL 

\ 
0 C~..s,S--.,.-, 

. -- 

NOY DISTRIBUTION 

25 

20  

15 

10 

5 

0 31.5 63 125 250 500 1K 2K 4K 8K 
OCTAVE BAND 

_ _A . . . _-__-- 
H~LICOPTER, CASE 7 ,  HOYER NOISE SPECTRUM AND NOY 
DISTRIBUTION, 50 PASSEiGERS, VT = 7 5 0 ,  W/A = 10,  PNdB = 9 5 . 7  

. . . . . . . . 
2.6, .  Tandem Iielicopt&r - Number of P a r s e n g e r  T r a d e .  

T i p a p e e d  - 750 FPS. A l t i t u d e  5 ~ 0 0 0  Feet- 



D210-10858 -2 
SOUND PRESSURE 'LEVEL 

NOY DISTRIBUTION 

OCTAVE BAND 

HELICOPTER, CASE 8, HOVER NOISE SPECTRUM AND NOY 
DISTRIBUTION, 50 PASSENGERS, VT = 750, W/A = 8, 
PNdB = 94.9 

P i g ~ r e  2.621. Tandem H e + i c o ~ t - e g - . : ~ N ~  -of Pas&e_ng~ Trade e. T&# - .  wed- 
= 750 FPS. ALTITUDE = 5,000 Ft. 



- 
OCTAVE BAND 

. 

HELICOPTER, CASE 9 ,  HOVER NOISE SPECTRUM AND NOY 
DISTRIBUTION, 50 PASSENGERS, VT = 7 5 0 ,  W/A = 6 ,  
PNdB = 9 4 . 8  

F i g u r e  2 . 6 0 .  Tandem H e l i c o p t e r  - Number of P a s s e n g e r  T r a d e .  
- = D O  FPS. A l t i t u d e  = 5LP_t0Pppet. 











r NOY DISTRIBUTION 

. -. 

HELICOPTER HOVER NOISE SPECTRUM AND NOY DISTRIBUTION, 
100 PASSENGERS, VT = 700, W/A = 6 ,  PNdB = 94.5 

Figure 2.7.. Tandem Helicopter - T i p ~ p e e d ~ u d  ~ i 8 c  Loadin; T i d e ,  . 

100 P a s s e n g e r s .  Altitude = 5,000 Fte 



. . 

SOUND PRESSURE LEVEL 

-. -. . .  . 

NOS DISTRIBUTION 

- . . - -- . - - - - - 
HELICOPTER HWER NOISE PSECTRUX AND NOY DISTRIBUTION, 
100 PASSENGERS, VT = 750,  W/A = 6,  PNdB = 96.9  



t E N G I N E  l!TLE'r -.-.-..I) * 

EN(;:rl.llf' E?:IL;>!!E;?' - *.-.. -.. ** 
O ?  l ! l :  ------- 
)lOl1gR l ~ ~ ~ . l ! ~ ' ~ . ' l ' S  Q,Y7$1' **- -- - - a ----• ' 

'a. 

t r o m L  S I ~ E C ~ ~ ~ ~ I  
0 b - - r r . i - *  

NOY DISTRIBUTION 

0 31.5 63 125 250 500 1K 2K 4K 8K 
OCTAVE BAND 

- 
HELICOPTER HOVER NOISE SPECTRUM AND NOY DISTRI BUTI& 
100 PASSENGEW, VT = 800, W/A = 6,  PNdB = 98.4 



OCTAVE BAND 
~ - . ~. .- 

HELICOPTER HOVER NOISE SPECTRUM AND NOY DISTRIBUTION, 
100 PASSENGERS, VT - 7 0 0 ,  W/A = 8 ,  PNdB = 95.9  

Figure 2.7h. Tandem Helicopter - Tiprpeed a ,  D rc Loading Trade. 
100 ~arsenqers .  ~ltitude = 5,880 heet. - -.. ---u--rf 



NOY DISTRIBUTION 

HELICOPTER HOVER N O I S E  SPECTRUM AND NOY D I S T R I B U T I O N ,  
100 PASSENGERS, VT = 7 5 0 ,  W/A = 8 ,  PNdB = 9 7 . 4  

Figure 2.71. Tandem Helicopter - Tipsped pisc wading Trade. 
100 ~ a s s e n g e r s .  Altitude = S , O O O - F e e t - . .  - 



.. .. 
,''I NOY DISTRIBUTION 

U 
OCTAVE DAND 

- - 
HELICOPTER HOVER N O I S E  PSECTRUM AND NOY DISTRIBUTION 
100 PASSENGERS, VT = 800 ,  W/A = 8 ,  PNdB = 98.7 

Figure 2.7  j .  ande em Helj-copter - Tiprpeed and Dirc kading Trade. I 
- . .  100 Passengers. Altitude = 5,000 Feet.  



Y U  NOY DISTrIBUTION 

k 

20 

V 
OCTAVE BAND 

- - . ---- . . -- 
HELICOPTER HOVER N O I S E  SPECTRUM AND NOY D I S T R I B U T I O N ,  
1 0 0  PASSENGERS, VT = 7 0 0 ,  W/A = 1 0 ,  PNdB = 95 .9  

Figure 2.7k. Tandem Helicopter - Tipspaed-- ~ n , , D ~ ~ - . @ d i l i g  T r _ a h ,  ... 
L O O  Passengers. Altitude = 5 , 0 0 0  Feet. 

d 



- - - - 

NOY DISTRIBUTION 

. . - - - - -. . . . . . . . - . -. - - . 
HELICOPTER HOVER NOISE SPECTRUM AND NOY DISTRIBUTION, 
100 PASSENGERS, VT = 750, W/A = 10, PNdB = 97.9 

! 
Figure 2.71. Tandem Helicopter - f ip speed  and Disc mading Trade. 

100 Paseengers. Altitude = 5,000 Feet. 



OCTAVE BAN33 

HELICOPTER HOVE-R NOISE SPECTRUM AND NOY DISTRIBUTION, 
100 PASSENGERS, VT = 800,  W/A = 1 0 ,  PNdB = 9 9 . 2  

Figure 2.7~1.- Tandem Helicopter - Tipspeed and Disc Mading Trade. 
100 Passengers. Alt i tude = 5 ,000  Feet. 





, - -  
I.. I. 









I d 

-. S 
*/.2.-./ 

I, 
t. 

- 01 

w 

- sr $ 
k 

02 

sz t 
i 

NOItfiZ i:&T,S LU AON OE 



2.2 TREND DATA FOR NOISE DERIVATIVE - TANDEM HELICOPTER DESIGNS 

One of t he  ob jec t ives  of t h e  design study was t o  exaxnine t h e  

impact of ex t e rna l  noise  design c r i t e r i a  on t h e  a i r c r a f t  design 

and performance parameters. To do t h i s  two f u r t h e r  tandem 

he l icopte rs  were t o  be designed. One 5 PNdB more noisy than 

the  basel ine  a i r c r a f t ,  and a second 5 PNdB l a s s  noisy than the  

basel ine  vehicle.  

A s  described earlier the  engine i n l e t  no ise  was a t tenua ted  t o  

ensure t h a t  t he  o v e r a l l  sound pressure  l e v e l  was set by r o t o r  

noise. Having done t h i s  t h e  primary parameters ava i l ab l e  t o  

the  designer t o  in f luence  no ise  a r e  s o l i d i t y ,  t ipspeed and d i s c  

loading. Of t hese ,  t ipspeed i s  by f a r  t h e  most powerful 

inf luence,  followed by blade loading ( s o l i d i t y ) .  Disc loading 

is  a r e l a t i v e l y  i n s e n s i t i v e  parameter. 

Figure 2.9b shows t h e  v a r i a t i o n  of g ross  weight a s  a funct ion 

of hover t ipspeed and s o l i d i t y  r a t i o .  

So l id i ty  is  referenced two ways on t h i s  ca rpe t  p l o t .  The broken 

l i n e s  a r e  constant  values of r o t o r  s o l i d i t y  (i.e., a = bc/HR). 

The s o l i d i t y  s i z i n g  f a c t o r  i s  a f a c t o r  appl ied t o  the s o l i d i t y  

s i z i n g  c r i t e r i a  t o  ob ta in  a parametric v a r i a t i o n  i n  blade 

loading. 

Superimposed on this c h a r t  is  a minimum s o l i d i t y  requirement t o  

meet 1.25 g ' s  a t  c r u i s e  speed with  no s t a l l  f l u t t e r .  

Figure 2.9a is t h e  same da t a  r ep lo t t ed  including contours of 

d i r e c t  operat ing cos t  and 500-foot s i d e l i n e  noise  l eve l s .  The 

constant  noise  l i n e  l a b e l l e d  A0 PNdB is a f a ~ i l y  of a i r c r a f t  



whose s i d e l i n e  noise  is t h e  same a r  t h e  fiesign po in t  a i r c r a f t  

(92.3 PNdB). The o t h e r  two constant  no ise  level  l i n e r  repre- 

s e n t  a i r c r a f t  - +5 PNdB from t h e  basel ine .  

The contours of d i r e c t  operat ing c o s t  allows minimum cost 

vehicles  t o  be se lec ted .  For the  -5 PNdB t h e  minimum DOC 

a i r c r a f t  occurs a t  VT = 605 f e e t  pe r  second and a s o l i d i t y  

s i z i n g  f a c t o r  of 0.88. This a i r c r a f t ,  however, v i o l a t e s  

the  minimum s o l i d i t y  requirement t o  allow maneuver margin. 

The a i r c r a f t  s e l ec t ed  was defined by t h e  i n t e r s e c t i o n  of the 

-5 PNdB l i n e  and the  minimum s o l i d i t y  l i n e  giving a gross  

weight of 73,800 pounds. 

A s i m i l a r  l o g i c  was appl ied t o  select t h e  +5 PNdB a i r c r a f t  and 

r e su l t ed  i n  a design gross  weight of 65,900 pounds. 

The va r i a t i on  i n  t he  design d e t a i l s  f o r  t h i s  range of para- 

metr ic  a i r c r a f t  are included i n  Figures 2.9e t o  2.9f. 

The noise  d e r i v a t i v e  a i r c r a f t  s e l ec t ed  were subsequently 

re f ined  and res ized  t o  g ive  t h e  design gross  weights of 65,843 

pounds f o r  +5 PNdB and 74,227 pounds -5 PNdB. 

The ove ra l l  sound pressure  l e v e l  d a t a  f o r  each of t hese  para- 

metr ic  a i r c r a f t  a r e  shown i n  Figures 2.9h t o  2-92. 
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Altltud. = 5,000 Fect. CJac Wading - P PSY. 
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HELICOPTER HOVER NOISE SPECTRUM AND NOY DISTRIBUTION, 100 
PASSENSERS, VT 600,  SIGMA = .168 ,  CASE = 10,  WORST AZIMUTH, 
AIRCRAFT 100' ABOVE AND 500' AWAY FROM OBSERVER, PHdB = 92.8 

- - .  

Figure 2.9h.  Tandem He l i copter  - Noise Derivative Trade Study. 
100 Pamengers .  Altitude = 5,000 Feet. Dirc 
Loading = 9 PSF. 
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- .- - 
HELICOPTER HOVER NOISE SPECTRUM AND NOY DISTRIBUTION, 100 
PASSENGERS, VT = 600, SIGMA 9: .185 ,  CASE = 8 ,  WORST AZIMlFH, 
AIRCRAFT 100' ABOVE AND 500' AWAY FROM OBSERVER, PNdB = 92 .9  

Figure 2 - 9 1 .  Tandem Helicopter - Noise Derivative Trade Study. 
100 Passengers .  Altitude - 5,000 F e e t .  Disc 
Loading = 9 PSF. 
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TOTAL E P E C ~ W  
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HELICOPTER HOVER NOISE SPECTRUM m~ NOY .DISTRIBUTION, 100 
PASSENGERS, VT = 600, 3- = .205,  CASE = 9, WORST AZIMUTH, 
AIRCRAFT 100' ABOVE AND 500' AWAY FROM OBSERVER, PNdB = 9 2 . 8  

Figure 2 . 9 j .  Tandem Hel icopter  - Noise Derivative Trade Study. 
100 Pasmengers. A l t i tude  = 5,000 Fee t .  Disc 
Loading = 9 PSF. 



SOUND PRESSURE LEVEL 
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HELICOPTER HOVER -NOISE SPECTRUM AND N ~ Y  D I S T R I B U T I ~ ~ , - ~  ~ O O  
PASSENGERS, VT P 600, SIGMA .231,  CASE I f ,  WORST AZIMUTH, 
AIRCRAFT 100' ABOVE AND 500' AWAY PROM OBSERVER, PNdB 3 8 4 . 3  

Figure 2.9k. Tandem Helicopter - Koiee Derivative Trade Study. 
100 P a s ~ ~ o n g e r s ,  Altitude = 5,006 Feet. Disc 
Loading = 9 PSF. 
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OCTAVE i3.':34 

HELICOPTER HOVER NOISE SPECTRUM AND NOY DISTRIBUTION, 100 
PASSENGERS8 VT = 600,  SIGMA - 2 6 4 ,  CASE 188 WORST AZIMUTH,. 
AIRCRAFT 100' ABOVE AND 500' AWAY FROM OBSERVER, PNdB - 84 .1  

Figure 2 . 9 1 .  Tandem Helicopter - Noime Derivative Trade Study. 
100 Passengers .  A l t i t u d e  = 5,000 Feet. Disc 
Loading = 9 PSF. 
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HELICOPTER HOVER NOISE SPECTRUM AND NOY DISTRIBUTION, 100 
PASSENGERS, VT = 7 0 0 ,  SIGW .1O1, CASE = 4 ,  WORST AZIMUTH, i 
AIRCRAFT 1 0 0 '  AEJVE AND 5 0 0 '  AWAY FROM OBSERVER, FNdB = 9 4 . 7  

Fiyurt 2.9n. Tandem Helicopter - Noise Derivative Trade Study. 
100 Passengers. Altitude = 5,000 Peet. Dimc 
Loading = 9 PSF. 



HELICOPTER HOVER NOISE SPSCTRUM AND NOY DISTRIBUTION, 100 
PASSENGERS, VT = 700,  SIGMA = .111, CASE = 2 ,  WRST AZIMUTH, 
AIRCRAFT 100'  ABOVE AND 500' AWAY FROM OBSERVER, PNdB = 9 4 , s  

Figure 2 .9n.  Tandem H e l i c o p t e r  - Noise Derivative Trade Study, 
100 P a s s e n g e r s .  A l t i t u d e  = 5 ,000  F e e t ,  Disc 
Loading = 9 PSF. 



SOUND PRESSURE LSVEL 

. 
HELICOPTER HOVER NOISE SPECTRUM AND NOY DISTRIBUTION,  ti? 
PASSENGERS, VT = 700, 'SIGMA = .123 ,  CASE = 3 ,  WORST AZIMUTk!, i 
AIRCRAFT 100' ABOVE AN3 500' AWAY PROM OBSERVER, PNdB = 9 4 . 3  

Figure 2.90. Tandem Helicopter - Noise Derivative Trade Study. 
100 Passengers. A l t i t u d e  = 5,300 Peet .  Disz 
Loading = 9 PSF. 



SOUND PRESSURE LEVEL 

HELICOPTER HOVER NOISE SPECTRUM AND NOY DISTRIBUTION, 100 
PASSENGERS, VT = 700, SIGMA = .138, CASE = 19, WORST AZIMUTH, 
AIRCRAFT 100' ABOVE AND 500' AWAY FROM OBSERVER, PNdB = 89.5 

Figure 2 . 9 ~ .  Tandem Helicopter - Noirc Derivative Trade Study. 
109 Parrengerr. Altitude = 5,000 Feet. Dirc 
Loading = 9 PSP. 
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- - .- - 
HELICOPTER HOVER NOISE SPECTRUC AND NOX DISTRIBLTION, 100 
PASSENGERS, VT = 700, S X;MA = .158, C U E  = 20, WORST AZIMUTH, 
AIRCRAET 100' ABOVE AND 500' AWAY FROM OBSERVER, PKdB = 88.7 

Figure 2.9q. Tanden Hblicopter - Noire Derivatiw Trade Study. 
100 Parsengerr. Altitude = 5,000 Pest. D i m  
Loading - 9 PBP. 
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' OCTAVE BAND 

HELICOPTER HOVER NOISE SPECTRUM AND NOY DISTRIBUTION, 100 
PASSENGERS, VT = 890,  SIGMA = .062 ,  CASE = 7 ,  WORST AZIMUTH, 
AIRCRAFT 100 ' ABOVE AND 500' AWAY FROM OBSERVER, PNdB = 9 8 . 7  

F igure  2.9r. Tandem Hel icopter  - Noise Derivative Trade Study. 
100 Passengers.  Altitude = 5,000 Feet. D i s c  
Loading = 9 PSF. 
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HELICOPTER HOVER NOISE SPECTRUM AND NOY DISTRIBUTION, 1 0 0  
PASSENGERS, VT = 8 0 0 ,  SIGMA = . 0 7 5 ,  CASE = 5 ,  WORST AZIMUTH, 
AIRCRAFT 1 0 0  ' ABOVE AND 5 0 0  ' AWAY FROM OBSERVER, PNdB = 9 7 . 7  

Figure 2.9s. Tandem H e l i c o p t e r  - N o i s e  D e r i v a t i v e  Trade Study. 
1 0 0  P a s s e n g e r s ,  A l t i t u d e  = 5 , 0 0 0  F e e t .  D i s c  
L o a d i n g  = 9 PSF. 
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HELICOPTER HOVER NOISE SPECTRUM AND NOY DISTRIBUTION, 1 0 0  
PASSENGER, VT = 8 0 0 ,  SIGMA = . 0 8 3 ,  CASE = 6 ,  WORST AZIMUTH, 
AIRCRAFT 1 0 0 '  ABOVE AND 5 0 0 '  AWAY FROM OBSERVER, PNdB = 9 7 . 3  

Figure 2.9t. Tandem Helicopter - Noise ~ e r i v a t i v e  Trade Study. 
1 0 0  Passengers. Alt i tude = 5,000 Feet. Disc 
Loading = 9 PSF. 



l" I SOUNIj PRESSURE LEVEL 

HELICOPTER HOVER NOISE SPECTRUM AND NOY DISTP.XBUTION, 1 0 0  
PASSENGERS, VT = 8 0 0 ,  SIGMA = . 0 9 3 ,  CASE = 2 1 ,  WORST AZIMUTH, 
AIRCRZLFT 1 0 0 '  .ABOVE AND 5 0 0 '  AWAY FROM OBSERVER, PNdB = 9 4 . 9  

Figure 2 . 9 ~ .  Tandem H e l i c o p t e r  - Noise D e r i v a t i v e  Trade  Study. 
100  P a s s e n g e r s .  A l t i t u d e  = 5 ,000  F e e t .  Disc 
Loading = 9 PSF. 
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OCTAVE BAND , w ? I  

HELICOPTER HOVER NOISE SPECTRUM AND NOY DISTRIBUTION,  1 0 0  
PASSENGERS, VT = 8 0 0 ,  SIGMA = . 1 0 7 ,  CASE = 2 2 ,  WORST AZIMUTH, 
AIRCRAFT 100 ' ABOVE AND 5 0 0  ' AWAY FROM OBSERVER, PNdB = 9 3 . 9  

Figure 2 . 9 ~ .  Tandem iielicopter - Noise ~ e r i v a t i v e  Trade Study. 
1 0 0  Passenyers. Altitude = 5 ,000  Feet. Disc 
Loading = 9 PSI?. 
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0 31.5 63 125 250 500 1K 2K 4K 8K 

OCTAVE: R A W  

HELICOPTER H W E R  NOISE SPECTRUM AND NOY DISTRIBUTION# 100 
PASSENGERS, VT m 850, SIGMA = s059, CASE - 2 5 ,  WOmT AZIMUTH# 
AIRCRAFT 100' ABOVE AND 500' AWAY FROM OBSERVER, PNdB m 100.0 

Figure 2 . 9 ~ .  Tandem Harlicopter - Noirr Derivativa Tradr Study. 
100 Pasrengerr. Alt i tude - 5,000 Feet. Dirc 
Loading = 9 PSF. 
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SOUND PRESSURE LEVEL 

- - -  --- 

0 31.5 63 125 250 500 1 K  2K 4K 8K 
OCl'AV7 RAND 

HELICOPTER HOVER NOISE SPECTRUM AND NOY DISTRIBUTION, 100 
PASSENGERS, VT = 850,  SIGMA = . 0 6 5 ,  CASE = 2 4 ,  WORST AZIMUTH, 
AIRCRAFT 100 '  ABOVE AND 500'  AWAY FROM OBSERVER, PNdB = 9 9 . 3  

Figure 2 . 9 ~ .  Tandem H e l i c o p t e r  - Noire Derivative Trade Study.  
100 P a s s e n g e r s .  Altitude = 5,000 Feet. Disc 
Loading = 9 PSF. 



SOUND PRESSURE LEVEL 
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0 31.5 63 125 250 500 1K 2K 4K 8K 
OCTAVE BANI) 

HELICOPTER D.P. , -5 PNdB, HOVER NOISE SPECTRUM AND NOY DIS- 
TRIBUTION, 1 0 0  PASSENGERS, VT = 6 4 0 ,  SIGMA . 1 5 9 ,  PNdB = 8 6 . 9  
WORST AZIMUTH, AIRCRAFT 1 0 0 '  ABOVE AND 5 0 0 '  AWAY FROM OBSERVER 

F i g u r e  2 . 9 ~ .  Tandem H e l i c o p t e r  - Noise ~cr iva t ive  ~ r a d e  Study. 
1 0 0  P a s s e n g e r s .  A l t i t u d e  = 5 , 0 0 0  F e e t .  D i s c  
~ o a d i n g  = 9 PSF. 

M 



SUJh3 PRESSURE LEVEL 
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0 31 .5  6 3  1 2 5  250  530 1K 2 K  4K 8K 

OCTAVE BA f iD 

HELICOPTER D . P . ,  -5 PNdB, HOVER NOISE SPECTRUM AND NOY DISTRIBUTION, 
100 PASSENGERS, VT = 8 1 0 ,  SIGMA = .07, WORST AZIMUTH, AYRCRAFT 100' 
ABOVE AND 5 0 0  ' AWAY FROM OBSERVER, PNdB = 9 7 . 4  

Figure 2-92 .  Tandem Helicopter - Noise Derivative Trade Study. 
100 Passengers. Altitude = 5,000 Feet. Disc 
Loading = 9 PSF. 
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2.3 TILT ROTOR AIRCRAFT - SIZING TREND DATA 

The s i z i n g  procedure f o r  t he  tilt r o t o r  a i r c r a f t  was done 

i n  much the  same manner as f o r  the  tandem he l icopte rs .  The 

s i z i n g  t rend da t a  presented i n  t h i s  sec t ion  is  shown i n  t h e  

chronological order  i n  which the  da t a  were generated. This 

i s  important t o  note s ince  t h e  weights, cons tan ts ,  drag,  

ro to r  performance, etc. which play a l a r g e  r o l e  i n  def in ing  

t h e  vehic le  weight and performance a r e  continuously checked 

and updated a s  more d e t a i l e d  da t a  becomes ava i lab le .  Thus, 

the  weights and performance of any s p e c i f i c  parametric a i r -  

c r a f t  become more p rec i se  as the  study progresses.  The weight 

and performance l e v e l s  of e a r l y  t rend da t a  may thus  be incon- 

s i s t e n t ,  however, t he  da t a  se rves  t o  i n d i c a t e  parametric sensi -  

t i v i t i e s  and allow design decis ions  t o  be made. For t h e  tilt 

r o t o r  the  i n i t i a l  s e l ec t ion  of a i r c r a f t  c h a r a c t e r i s t i c s  were 

cf8 follow8 : 

100 passengers (seven abreas t  s ea t ing )  

4 engines 

Wing chord/prop diameter = .2  

Cruise t ipspeed = 0.7 hover t ip rpeed  

The fuselage s i z e  was known from preliminary drawings and cabin 

layout data .  

The e f f e c t  of hover t ipspeed and d i s c  loading were f i r s t  

computed and led  t o  t h e  parametric ?ata  shown i n  Figurer  2.10a 

t o  2 . 1 0 ~ .  

In r e t ro spec t  these  parametric a i r c r a f t  a r e  overweight, however, 



the  t rends  i n d i c a t e  

reduces t h e  o v e r a l l  

t!!at inc reas ing  d i s c  loading 

a i r c r a f t  weight. There d a t a  

with the  a i r c r a f t  c r u i s e  a l t i t u d e  of 5,000 f e e t  

. - - - . - . . . - - .  -. 

D210-10858 -2 

and t ipspeed 

were computed 

(i.e., c r u i s e  

speed l i m i t  250 knots  EAS). Similar  d a t a  us ing t h e  same 

assumptions with a c r u i s e  a l t i t u d e  of 10,000 f e e t  is rhown 

i n  Figures 2.11a t o  2 . 1 1 ~  and a t  15,000 f e e t  i n  Figures  2.12, 

t o  2 . 1 2 ~ .  

For a l t i t u d e s  of 5,000 and 10,000 f e e t  t h e  a i r c r a f t  were con- 

s t r a i n e d  t o  c r u i s e  a t  250 knots EAS. A t  15,000 f e e t  t h e  c r u i s e  

speed was l im i t ed  by normal r a t e d  power ava i l ab l e .  The e f f e c t  

of des ign c r u i s e  a l t i t u d e  on gross  weight i s  small. A l l  t h r e e  

s e t s  of parametr ic  a i r c r a f t  i n d i c a t e  t h a t  g ross  weight reduces 

a s  t ipspeed and d i s c  loadinq increase .  The c r u i s e  rpeeds a t  

15,000 f e e t  were n o t  const ra ined by t h e  250 knot  EAS l i m i t  

and r e f l e c t  t h e  impact of d i s c  loading a s  shown i n  Figure 

2 . 1 2 ~ .  The normal r a t e d  power c r u i s e  speed i nc r ea se s  ar d i s c  

loading i nc r ea se s  a s  a  r e s u l t  of reduced a i r c r a f t  s i z e ,  d rag  

and improved r o t o r  e f f i c i ency .  

A f u r t h e r  set of parametrip veh ic les  were s i zed  a t  10,000 f e e t  

a l t i t u d e  with t h e  c r u i s e  apeed def ined by bea t  range speed. 

This t r a d e  study was done t o  determ?ne i f  s i g n i f i c a n t  a i r c r a f t  

weight could be saved by opera t ing  a t  maximum f u e l  e f f i c i ency .  

Comparison of  t h e  t r end  d a t a ,  Figures  2.13a t o  2 . 1 3 ~  wi th  t h e  

previous da t a ,  Figures  2.11a t o  2 . 1 1 ~  show only minimal 

savings i n  gross  weight.  This  r e s u l t  i s  l a r g e l y  due t o  t h e  

i n t r i n s i c  f u e l  e f f i c i e n c y  of t h e  tilt r o t o r  conf igura t ion  and 

the  r e s u l t i n g  low f u e l  f r a c t i o n  f o r  the a i r c r a f t .  

8 8 



A d i s c  loading of  12.5 pounds pe r  square  f o o t  and a t i p r p e e d  

of 750 f e e t  pe r  second were s e l e c t e d  t o  be usbd t o  d e f i n e  

t h e  optimum a l t i t u d e  f o r  c r u i s e .  F igures  2.14 a and 2.14b 

show t h e  r e s u l t s  of t h i s  s tudy.  F igure  2.14a show8 t h a t  

des ign  g r o s s  weight ,  mission f u e l  and weight  empty a l l  

decrease  as des ign  c r u i s e  a l t i t u d e  i n c r e a r e e .  A d i n c o n t i n u i t y  

occurs  a t  10,000 f e e t  where t h e  v e h i c l e  is  no longer  con- 

s t r a i n e d  t o  t h e  250 knot  EAS c r u i s e  speed l i m i t .  

The e f f e c t  of a l t i t u d e  on c r u i s e  speed and d i r e c t  o p e r a t i n g  

c o s t  i s  shown i n  Figure  2.14b. 

Below 10,000 f e e t  t h e  250 knot  EAS r e s t r i c t i o n  d e f i n e r  t h e  

c r u i s e  speed. A t  10,000 f e e t  t h e r e  is  a d i s c o n t i n u i t y  up 

t o  t h e  c r u i s e  speed de f ined  by t h e  t r ansmis r ion  torque  limit 

(s ized  i n  hover) .  The i n t e r s e c t i o n  of  t r ansmiss ion  torque  

l i m i t  and t h e  NRP power l i m i t  occurs  a t  13,000 f e e t  and 

r e s u l t s  i n  power l i m i t e d  a i r c r a f t  above ttiis a l t i t u d e .  

These v a r i a t i o n s  o f  weight and speed d e f i n e  t h e  impact o 

des ign  a l t i t u d e  on d i r e c t  o p e r a t i n g  cost rhown i n  F igure  

2.14b. The minimum c o s t  a i r c r a f t  d e f i n e s  t h e  optimum c r u i s e  

a l t i t u d e  a t  14,000 feet. This  a l t i t u d e  war s e l e c t e d  f o r  a l l  

t h e  subsequent t r e n d  s t u d i e s .  

With t h e  a l t i t u d e  s e l e c t e d  a t  14,000 f e e t  t h e  b a s i c  i n p u t  

d a t a  t o  t h e  t r e n d  s t u d i e s  i n  t h e  a r e a r  o f  rotor perfonnance 

and cabin  p r e s s u r i z a t i o n  and weight9 d a t a  were rev i sed .  

The e f f e c t  of number of passengers  on a i r c r a f t  r ize,  economic8 

and noise l e v e l s  is  shown i n  F igure r  2.15a t o  2.15n f o r  



var ious  d i s c  loadings.  For t h e s e  t r a d e s ,  hover t ipspeed  

was he ld  cons tan t  a t  750 f e e t  pe r  second. 

rhe impact of number of passengers  on g r o s s  weight i s  shown 

i n  Figure 2.15a. The des ign  g r o s s  weight  almost doubles a s  

t h e  number of passengers  is  inc reased  from 50 t o  100. For 

t h e  same number of  passengers  r o t o r  diameter  i n c r e a s e s  

approximately 50% and power by 100% a s  shown i n  Figure  2.15b. 

The f u e l  e f f i c i e n c y  of t h e  a i r  a f t  improves a s  number of  

passengers  i n c r e a s e s  a s  shown i? Figure  2 . 1 5 ~ .  

The e f f e c t  of s i z e  ( i .e. ,  number c f  passengers)  on 500-foot 

s i d e l i n e  perceived no i se  is minimal a s  shown i n  Figure  2.15d. 

The 50 passenger a i r c r a f t  a r e  a maximum of  2 PNdB lower than  

t h e  100 pass  enger  a i r c r a f t .  

Figure 2 . 1 5 ~  shows t h e  impact of  a i r c r a f t  a i z e  on o p e r a t i n g  

economics and i n d i c a t e s  a l a r g e  reduc t ion  i n  d i r e c t  o p e r a t i n g  

c o s t s  a s  number of  passengers  inc reases .  Economics a r e  t h e  

l a r g e s t  governing f a c t o r  i n  succesnfu l  s h o r t  hau l  commercial 

opera t ion  and t h e r e f o r e  a 100 passenger a i r c r a f t  was 

s e l e c t e d .  

Hover no i se  spectrum d a t a  i n  terms o f  sound p r e s s u r e  l e v e l  and 

NOY va lues  a s  a func t ion  of octave  band frequency a r e  shown 

f o r  each p o i n t  of  t h e  s i z i n g  mat r ix  i n  Figure  2.15f through 

A l l  of t h e  t r end  s t u d i e s  up t h i s  p o i n t  have assumed t h a t  t h e  

c r u i s e  RPM is 70% of hover RPM. The e f f e c t  of varying t h i s  

r a t i o  was checked and t h e  d a t a  i s  shown i n  F igures  2.16a t o  



Reducing t h e  c r u i s e  RPM reduces t h e  des ign  g ross  weight and 

t h e  curves i n d i c a t e  t h a t  t h z  minimum weight i s  almost achieved 

a t  0 .7  (Figure 2.16a;. 

The i n s t a l l e d  power i s  a minimum a t  VTC/VTH = 0.7 a l though t h e  

f u e l  weight r educ t ion  i n d i c a t e s  f u r t h e r  ga ins  could be  made 

a s  shown i n  Figure  2.16b. 

A major r e s u l t  of c r u i s e  RPM reduc t ion  i s  t h e  i n c r e a s e  i n  

normal r a t e d  power c r u i s e  speed a s  shown ?n Figure  2.16d. 

Although some smal l  advantage i n  weight ,  c r u i s e  speed and 

f u e l  weight i s  apparent  i n  t h e s e  c h a r t s  a t  t i p s p e e d  reduc t ions  

lower than 0.7. This  va lue  was he ld  i n  o r d e r  t o  s i m p l i f y  

subsystem des ign.  For example, c u r r e n t  e l e c t r i c a l  g e n e r a t o r s  

can handle a t h i r t y  pe rcen t  v a r i a t i o n  i n  d r i v e  RPM, however, 

t o  go f u r t h e r  r e q u i r e s  compensating dev ices  t o  mainta in  ou tpu t  

frequencies.  Subsystem complexity of  t h i s  na tu re  would i n c u r  

a small  weight pena l ty  which would o f f s e t  t h e  apparent  

advantage a t  g r e a t e r  t ipspeed  reduct ions .  

The t r e n d  d a t a  f o r  t ipspeed  and disc loading were reworked 

a t  t h e  s e l e c t e d  c r u i s e  a l t i t u d e  of  14,000 f e e t .  These d a t a  

a r e  shown i n  Figures  2.17a t o  2.170. The t r e n d s  p rev ious ly  

observed i n  t h e  a l t i t u d e  t r a d e  s t u d i e s  a r e  confirmed a t  t h e  

design a l t i t u d e .  

The d i r e c t  opera t ing  c o s t s  f o r  t h e s e  a i r c r a f t  a r e  shown i n  

Figure 2.17d and i n d i c a t e  t h a t  h igh  t ipspeed  and h igh d i s c  

loading reduce c o s t s .  



Figure 2.17e summarizes t h e  g r o s s  weight ,  d i r e c t  o p e r a t i n g  

c o s t  and c o i s e  l e v e l  d a t a  f o r  t h e s e  v e h i c l e s .  

The d i s c  loading was s e l e c t e d  t o  be  15 pounds p e r  square  f o o t .  

The t i e n d  d a t a  i n d i c a t e  f u r t h e r  r educ t ions  i n  d i r e c t  o p e r a t i n g  

cost a t  h igher  d i s c  loadings .  A d i s c  loading of  15 pounds 

per  square  f o o t  was considered a maximum from ground wash 

cons ide ra t ions  and by examination of hover yaw c o n t r o l  

requirements .  

The hover t ipspeed  was s e l e c t e d  a t  775 f e e t  p e r  second to  

maintain a  500-foot s i d e l i n e  n o i s e  l e v e l  of  l e a s  t h a n  100 

PNdB and a l s o  by r o t o r  t i p  c r i t i c a l  Mach number cons ide ra t ions .  

The remaining major des ign  parameters  t o  be s e l e c t e d  were 

wing loading and r o t o r  b lade  loading.  F igures  2.18a t o  2.18e 

shows t r e n d  s tudy d a t a  g iv ing  t h e  impact of wing loading and 

hover des ign  CT/o on t h e  a i r c r a f t  s i z e  and performance. 

Inc reas ing  wing loading decreases  t h e  a i r c r a f t  g r o s s  weight  

and improves c r u i s e  speed and g u s t  s e n s i t i v i t y  i n  c r u i s e .  

The des ign  wing loading of 100 pounds p e r  square  f o o t  was 

s e l e c t e d  a s  being the maximum d e s i r a b l e  s i n c e  t h e  minimum 

c r u i s e  conf igura t ion  speed i n c r e a s e s  a s  wing loading i n c r e a s e s .  

This  e f f e c t  i s  shown i n  Fgiure  2.18d. The f l a p s  up o p e r a t i n g  

speed was he ld  a t  less than 200 knots  by s e l e c t i n g  a wing 

loading of 100 pounds p e r  square  f o o t  and t h e  r e s u l t i n g  f l a p s  

down o p e r a t i n g  speed i s  150 knots  g iv ing  an end of  conversion 

speed range of from 150 knots  t o  195 knots .  



Increased b lade  loading ( i . e . ,  i nc reased  CT/a) a l s o  

decreases  a i r c r a f t  weight and improves t h e  c r u i s e  speed. An 

assessment of t h e  maximum d e s i r a b l e  C / a  was made on t h e  b a s i s  
T 

of b lade  shank s i z e .  Assuming t h a t  hover r o t o r  loads  a t  

maximum yaw c o n t r o l  d e f i n e  t h e  endurance l i m i t  l oads ,  an  

e s t i m a t e  of t h e  requ i red  b lade  shank d iameter  was made and 

I t h e  s m a l l e s t  s o l i d i t y  comphtible wi th  t h e  shank size s e l e c t e d  

,. ir 
5 t o  ensure des ign  f e a s i b i l i t y .  This  l i m i t  is shown as a 
T - 
;1 

broken l i n e  on Figures  2.183 t o  2 . 1 8 ~  and a t  a wing load ing  

. - of 100 pounds pe r  square  f o o t  d e f i n e s  t h e  des ign  CT/a i n  

hover t o  be 0.126. 

This  s e l e c t e d  des ign  parameter i n d i c a t e d  a des ign  g r o s s  weight 

of 75,030 pounds. 

1 A t  t h i s  p o i n t  a d e t a i l e d  r o t o r  des ign ,  weights  review, s t a b i l i t y  

and c o n t r o l  checks, and a i r c r a f t  l a y o u t  review were made and 

t h e  r e s u l t i n g  r e f i n e d  a i r c r a f t  s i z e d  t o  g i v e  a des ign  g r o s s  

weight of 74,749 pounds a s  shown i n  Table ' 1 4 ,  Volume I 

and i n  Sect ion  3 of t h i s  document. 
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u 
OCTAVE BAND 

TILT ROTOR, CASE 1 ,  HOVER NOISE SPECTRUM AND NOY DISTRIBUTION, 
100 PASSENGERS, VT = 7 5 0 ,  W/A = 1 0 ,  PNdB = 9 7 . 5  

F i g u r e  2 . 1 5 f .  T i l t  R o t o r  Number of P a s ~ e n g e r  T r a d e .  
A l t i t u d e  = 14,000 F e e t .  



MOY DISTRIBUTION 

0 .  OCTAVE I3AND 

TILT ROTOR, CASE 2 1 HOVER NOISE SPECTRUM AND NOY DISTRIBUTION, 
100 PASSENGERS, VT = 750, W/A = 12.5, PNdB = 97.6 

Figure 2.159. T i l t  Rotor  umber of Passenger Trade. 
Altitude = 14,000 Feet. Disc Loading 



NOY DISTRIBUTION 

0 31.5 63 125 250 500 1K %K 4K 8K 
OCTAVE DAND 

TILT ROTOR, CASE 3, HOVER NOISE SPECTRUM AND NOY 
DISTRIBUTION, 100 PASSENGERS, VT = 750, W/A = 15,  
PNdB = 9 8 . 2  

Figure 2.15h. T i l t  Rotor Number of  Passenger Trade. 
Altidue = 14 ,000  Feet. a- 

* 



'" I? NOY D I S T R I B U T I O N  

7 T I L T  ROTOR, CASE 4 ,  HOVER N O I S E  SPECTRUM AND NOY 
D I S T R I B U T I O N ,  75  PASSENGERS,  VT = 7 5 0 ,  W/A = 1 0 ,  
P N d B  = 9 6 . 6  

I Figure 2.155. Tilt Rotor Number of Parrenqer Trade. 
Altitude = 14,000 Feet. 
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SOUND PIIESSUIIE LEVI:L 

0 L-~~fitd.- J 
- - 

NOY DISTRIBUTION 

I 

TILT ROTOR, CASE 5, HOVER NOISZ SPECTRUM AND NOY 
DISTRIBUTION, 75 PASSENGERS, VT 750, W/A 12.5, 
PNdB = 97.1 

Figure 2.15j. Tilt Rotor Number of Parsenger Trade. 
Altitude = 14,000 Feet. Disc Loading 
= 12.5 PSF. 



SOUND PIUSSURE LEVEL 

NOY D I S T R I B U T I O N  

20 

% 15 
% 

10 

5 

0 31.5 63 125 250 500 1K 2K 4K 8K 
OCTAVE BAND 

T I L T  ROTOR. CASE 6 ,  HOVER N O I S E  . SPECTRUM AND NOY 
D I S T R I B U T I O N ,  7 5  PASSENGERS.  VT = 7 5 0 ,  A = 1 5 .  
P N d B  = 9 7 . 5  

F i g u r e  2.15k. T i l t  R o t c r  Number of Parmengar Trade .  
A l t i t u d e  = 1 4 , 0 0 0  F e e t .  



SOUND PRESSUlV3 Ll?\n5L 
I 

NOY DISTRIBUTION 

TILT ROTOR, CASE 7 ,  HOVER NOISE SPECTRUM AND NOY 
DISTRIBUTION, 50 PASSENGERS, VT = 7 5 0 ,  W/A = 1 0 ,  
PNdB = 9 5 . 7  

1 % 

F i g u r e  2 . 1 5 1 .  T i l t  R o t o r  Number of P a s s e n g e r  T r a d e .  
A l t i t u d e  = 1 4 , 0 0 0  F e e t .  
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OCTAVE BAND 

TILT ROTOR, CASE 8, HOVER NOISE PSECTRUM AND NOY 
. DISTRIBUTION, 50 PASSENGERS, VT = 750, W/A = 12.5, 
PNdB = 95.9 

Figure 2.15m. T i l t  Rotor Number of  Passenger Trade. 
Altitude = 14,000 Feet. D i s c  Loading 
m 12.5 PSF. 
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SOUND PRESSU~!E LEVEL 

I 

NOY DISTRIBUTION 

0 OC1'AVE RAND 

T I L T  ROTORI CASE g I  HOVER NOISE SPECTRUM AND NOY 
DISTRIBUTION, 50 PASSENGERS, VT = 750 ,  W/A = 15 

~ i g u r e  2.1Sn. silt Rotor Number of Passenger Trade. 
~ l t i t u d e  = 14,000 Feet. 



















T i l t  k t o r  DISC b d l n q  and r:ppeccl T r a h .  100 rarocnporr. Altituda - 14,000 
roct .  t 1 
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.i i~ n- NOY DISTRIBUTION 

TILT ROTOR HOVER NOISE SPECTRUM AND NOY DISTRIBUTION, t 

Figure 2.179. T i l t  Rotor D i s c  Loading and Tipspeed Trade. -100 
1 

Passengers. A l t i tude  = 14,000 Fee t .  . 



NOY DISTRIBUTION 

TILT ROTOR HOVER AOISE SPECTRUM AND NOY DISTRIBUTION. 
100 PASSENGERS. VT = 6 7 5 .  W/A = 1 2 . 5 .  PNdB = 96  

Figure 2.17h. T i l t  Rotor Disc Loading and Tipspeed Trade. 100 
Passengers. Al t i tude  = 14,000 Feet.. - .  - - 
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= . i t  L NOY DISTRIBUTION 

u 
OCTAVE BAND 

A 

T1t.T ROTOR HOVER NOISE SPECTRUM AND NOY DISTRIBUTION, 
100 PASSENGERS, VT = 675, W/A = 15, PNdE = 95.4 

Figure 2.17i. Tilt Rotor Disc Loading and Tipspeed Trade. 
100 Passengers. Altitude = 14,000 Feet. - .  .... . - . -. - .-- -.. 



SOUND PEESSUl?X IICVEL 

0 L-*.*- I . + ~ I B L  

3U NOY DISTRIBUTION 

25 * 

20 

OCTAVE RAM) 

TILT ROTOR HOVER NOISZ SPECTRUM AND NOY DISTRIBUTION, 
100 PASSENGERS, VT = 750, W/A = 10, PNdB = 95.9 

. . 
Figure 2.17j. Tilt Rotor Disc Loading and Tipspeed Trade. 

100 Passengers. Altitude = 14,000 Feet* 
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NOY DISTRIBUTION 

OCTAVE BAND 

TILT ROTOR HOVER NOISE SPECTRUM AND NOY DISTRIBVTION, 
100 P ~ ~ M A L T ~ E ~ ~  RS, VT = 750, WJA = 1 2 . 5 ,  PNdB = 9 7 . 8  

Figure 2.17k. T i l t  Rotor D i s c  
100 Passengers .  

Loading and Tipspeed Trade. 
A l t i t u d e  = 14,000 F e e t .  



NOY DISTRIBUTION 

* 
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0 ,  31.5 6 3  125 2 5 0  500 1K 2K 4K 8~ 
OCTAVE BAND 

TILT ROTOR HOVER NOISE SPECTRUM IQJD NOY DISTRIBUTION 

100 PASSENGERS. VT 7 5 0 .  W/A = 15. PNdB = 9 8 . 2  

Figure 2 . 1 7 1 .  T i l t  Rotor  Disc Loading and Tipspeed Trade. 
100  Passengers. Altitude = 1 4 , 0 0 0  F e e t .  
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31,s. . 6 3  125 2 5 0  500 K 2K . 4 8K 
OCTAVE BAND 

TILT ROTOR HOVER N O I S E  SPECTRUM AND NOY DISTRIBUTION,  
100 PASSENGERS, VT = 8 2 5 ,  W/A = 1 0 ,  PNdB = 100 
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,Figure 2.17.. T i l t  ~ o t o r  Disc Loading and ~ i ~ s ~ e e d .  Trade. 
100 Passengers. Alt i tude = 14,000 Feet. 



NOY DISTRIBUTION 

TILT ROTOR HOVER NOISE SPECTRUM AND NOY DISTRIBUTION, 
I 

1 0 0  PASSENGERS, VT = 8 2 5 ,  W/A = 1 2 . 5 ,  PNdB = 1 0 0 . 3  

~ - -  
F i g u r e  2 . 1 7 n .  T i l t  R o t o r  D i s c  L o a d i n g  a n d  T i p s p e e d  T r a d e .  

1 0 0  P a s s e n g e r s .  A l t i t u d e  = 1 4 , 0 0 0  F e e t .  

1 3 8  
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SOUND PRESSURE LEVEL 

NOY DISTRIBUTION 

31 .5  63  125 250 500 , 1K 2K 4K 8K - .  

OCTAVE BAND 

TILT ROTOR HOVER NOISE SPECTRUM AND NOY DISTRIBUTION, 
100 PASSENGERS, VT = 825,  W/A = 1 5 ,  PNdB = 100 .2  

Figure 2 .170 .  T i l t  Rotor ~ i s c  Loading and Tipspeed Trade. 
100 Passengers .  A l t i t u d e  = 14,000 F e e t .  

. I 
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Figure 2.18d. T i l t  Rotor Wing Loading and Rotor S o l i d i t y  Trade. 
l . -  100 Pamengero. ~ l t i t u d e  = 14 ,000  Feet.  Hover 
1 Tipopeed = 775. D i ~ c  Loading - 15  PSF. 



OCTAVE BAND 

ROTOR BASELINE HOVER NOISE SPECTRUM AND NOY 
DISTRIBUTION, 1 0 0  PASSENGERS, VT = 7 7 5 ,  CASE = BASELINE, 
WORST AZIMUTH, AIRCRAFT 1 0 0 '  ABOVE AND 5 0 0 '  AW:tY FROM OBSERVER, 
PNdB = 9 8 . 2  

Figure 2.18e. T i l t  R o t o r  Wing L o a d i n g  and R o t o r  S o l i d i t y  T r a d e .  
1 0 0  P a s s e n g e r s .  A l t i t u d e  = 1 4 , 0 0 0  F e e t .  H o v e r  
T i p s p e e d  = 7 7 5 .  Disc  L o a d i n g  = 15 PSF.  



e 2.4 TREND DATA FOR NOISE DERIVATIVE - TILT ROTOR AXlPCRAFT DESIGNS 

The second objective of the design rtudy war to determine the 

effect of external noirs design criteria on the design of the 

tilt rotor aircraft. The approach used to achieve thin ob- 

jective war to size two additional aircraft; one 5 PNdB more 

noisy and one 5 PNdB less noisy than the baseline tilt rotor 

design. 

The noise component which predominates in the design point 

aircraft sound pressure level rpectrum is the rotor broadband 

noise. This xeeults ie in part due to the engine inlet att- 

enuation treatment used. The parameterr available to the 

designer to achieve different noire levels are ersentially 

tipspeed, blade loading, since disc loading ir not a powerful 

1 noise parameter in the range under conrideration. 

The noise derivative aircraft trend study war made by taking 

perturbations in rotor tipryeed and solidity about the design 

point aircraft. The resulcs of these trend studies are rhown 

in Figures 2.19a to 2.19~. The direct operating cort data are 

superimposed on the gross weight carpet plot in Figure 2.19a. 

Three liner of constant 500-foot rideline perceived noise 

level are alro shown. The line labelled A0 PNdB is a family 

of aircraft whore hover noise level are the mame am the base- 

line aircraft. The bareline vehicle is identified on this 

plot at the intersection of the 0 PNdB line and a rolidity of 

0.09. 



The l i n e  l a b e l l e d  A -5 PNdB i s  a s i m i l a r  family of  a i r c r a f t  

whose 500-foot r i d e l l n e  perce ived n o i r e  level  is 5 PNdB l e a s  

noisy than t h e  b a s e l i n e  a i r c r a f t .  By examination o f  t h i s  

l i n e  i n  r e l a t i o n  t o  t h e  l i n e s  of  c o n s t a n t  d i r e c t  o p e r a t i n g  

c o s t ,  a  minimum d i r e c t  o p e r a t i n g  c o s t  v e h i c l e  5 PNdB l e a n  

noisy  than t h e  b a s e l i n e  can be selec'.ed. The -5 PN?B a i r c r a f t  

has a  t ipspeed  o f  640 f e e t  pe r  second and a r o t o r  s o l i d i t y  o f  

0.1115. It  is  i n t e r e s t i n g  t o  no te  t h a t  t h i s  a i r c r a f t  has  

more s o l i d i t y  than  t h e  minimum requ i red  and r e s u l t s  i n  a g r o s s  

weight of 79 ,682  pounds. 

The l i n e  l a b e l l e d  d e l t a  +5 PNdB c o n s t i t u t e s  a t h i r d  fami ly  o f  

a i r c r a f t  whose 500-foot s i d e l i n e  perce ived n o i r e  level is 5 

PNdB more noisy  than t h e  b a s e l i n e  a i r c r a f t .  Thin l i n e  i r  

almost  p a r a l l e l  t o  t h e  cons tan t  t i p r p e e d  l i n e s  and shows 

reduced d i r e c t  o p e r a t i n g  c o ~ t s  a s  s o l i d i t y  is reduced. This  

r e s u l t s  i n  t h e  s e l e c t i o n  of t h e  a i r c r a f t  de f ined  hy t h e  i n t e r -  

s e c t i o n  of t h e  minimum s o l i d i t y  l i m i t  and t h e  t5 PVdB l i n e .  

This  p o i n t  r e s u l t s  i n  a hover t ipspeed  o f  915 f e e t  p e r  second 

and a s o l i d i t y  of  .081, This  a i r c r a f t  has  a d e r i g n  g r o s r  

weight of  73,217 pounds. 

The parametr ic  d a t a  which r e l a t e  t o  t h e  r e l e z t i o n  c h a r t  d i s -  

cussed above a r e  shown i n  F igures  2.19b t o  2.19f. 

F igure  2.19b shows t h e  p a r m e t r i c  v a r i a t i o n  o f  t h e  500-foot 

s i d e l i n e  n o i s e  level f o r  t h e  mat r ix  of  n o i s e  d e r i v a t i v e  a i r -  

c r a f t  considered.  The o v e r a l l  sound p ressure  l e v e l  d a t a  

corresponding to  t h e s e  parametr ic  v e h i c l e s  a r e  a l a o  inc luded 



a* 
i n  Figures  2.19g t o  2 .19 t .  Figure 2 . 1 9 ~  i s  the -5 PNdB 

'3 sound pressure l e v e l  da ta  for t h e  -5 PNdB a i r c r a f t .  S imi lar  

data for t h e  +5 PNdB v e h i c l e  i s  g i v e n  i n  Figure 2 . 1 9 ~ .  



Pigurc 2.19a. Trend Data for Noiac Decivative Tilt ~otors. 100 Pa6oenq.r.. 
Altitude 14,000 Fcat. Disc Loading = 15 ISF. Wing Loading 

, , = 100 PSF. 



D 2 1 0 - 1 0 8 5 8 - 2  
1985 C W C R C I A L  V/STOL TRANSPORT STUDY 

1 0 0  PASSENGER - T I L T  ROTOR 

0 DESIGN POINTS 

0 DESIGN POINTS 

ROTOR SOLIDITY o 

- 
FIGURE 2.198. TREND DATA FOR NOISE DPRIVATIVE T I L T  ROTORS - 

1 0 0  PASSISNClCRS. AIAITUDE - 1 4 , 0 0 0  FEET, 
DISC LOADING - 1 5  P S P  - WING LDADING - 1 0 0  P S F  
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SOUND PRESSURE LEVEL 

OCTAVE BAND 

- 
TILT ROTOR HOVER NOISE SPECTRUM AND NOY DISTRIBUTION, 
100 PASSENGERS, VT = 600, SIGMA = .08, CASE = 1, WORST 
AZIMUTH, AIRCRAFT 100' ABOVE AND 500' AWAY FROM 
OBSERVER, PNdB = 94.9 

Figure 2.19iJ. Trend Data for Noise Derivative Tilt Rotors. 100 
Passengers. Altitude = 14,000 Feet, Disc Loading 
= 15 PSF. Wing Loading = 100 PSF. 



SOUND PRESSURE LEVES, 

. -. .~ - - . . 
TILT ROTOR HOVER NOISE SPECTRUM AND NOY DISTRIBUTION, 
1 0 0  PASSENGERS, VT = 6 0 0 ,  SIGMA = . 0 9 ,  CASE = 2 ,  
WORST AZIMUTH, AIRCRAFT 1 0 0 '  ABOVE AND 5 0 0 '  AWAY FROM 1 
OBSERVER, PNdB = 9 4 . 0  

$4 ; 

r 
B 

Figure 2.19h. Trend Data f o r  Noise  Der iva t ive  T i l t  Rotors. 
. . 100 Pamengaxs.  A l t i t u d e  = 14,000 F e e t .  Disc 

i Loading - 15 PSF. Wing Loading = 100 PSF. 
i 
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F i g u r e  2 . 1 9 i .  Trend Data  for Noise Derivative T i l t  Rotors. 
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= 15  PSF. Wing Loading = 100 PSF. 



TILT kd~dR HOVER NOISE SPECTRUM AND NOY DISTRIBUTION, 
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AZIMUTH, AIRCRAFT 1.00' ABOVE AND 5C3'  AWAY FROM OBSERVER, 
PNdB = 92.1  

F i g u r e  2 . 1 9 k .  Trend Data f c  N o i s e  Derivative Tilt Rotora. 100 
Passengers. A l t i t u d e  = 14,000 Net.  Diac Loading 
= 15 PSF. Wing Loading = 100 PSF. 
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TILT R ~ R  HOVER NOISE sp~Cifiit% -ANID NOY ~ D I S ~ B ~ ~ T ~ O N ,  
100 PASSENGERS, VT = 730 ,  SIGMA - . 08 ,  CASE = 4 ,  WORST 
AZIMUTH, AXRCRAFT 100' ABWE AND 500' AWAY FROM OSERVER, 
PNdB = 9 8 . 1  

Figure 2.191.  Trend Data for Noire Derivative T i l t  
Parrengerr. Altitudm - 14,000 h o t .  - 1 5  PSF. Wing Loading = 100 PSF. 

Lbtorr. 100 ?= 

Dirc Loading 
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TILT ROTOR HOVER NOISE SPELTRUM .AND .NOY ~ I S T ~ U T I O N ,  
100 PASSENGERS, VT = 730,  SIGPlA = .09,  CASE = 5 ,  WORST 
AZIMUTH, ATRCRAFT 100'  ABOVE AND 500'  AWAY PROM OBSERVER, 
PNdB = 9 7 . 3  

Figure 2.19m. Trend Datc for Noire Doriv6;ive Tilt Ratorr. 100 
Parrengorr. ALtituda = 14,000 F'8.t. Di rc  Loading - 15 P6F. Wing Loading = 100 PS?. 
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Figure 2.19a. Trend Data for Noiee Derivative Tilt Rotors. 100 
Pasoengers. Altitude = 14.000 Feet. Diac Loading 
= 15 PSF. Wing Loacing = 100 PSF. 
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TILT ROTOR HOVER NOISE SPECTRUM AND NOY DISTRIBUTION, 
100 PASSENGERS, VT = 730, SIGMA = .12, CASE = 13. WORST : . - 

AZIMUTH, AIRCRAFT 1001 ABOVE AND 5oov .AWAY FROM OBSERVER, 
PNdB = 95.1 

Figure 2.190. Trend Data for Noise Derivative T i l t  Rotors. 100 
Passengers. Alt itude = 14,000 Feet. Disc Loading 
= 15 PSF. Wing Loading = 100 PSF. 
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AZIMUTH, AIRCRAFT 1 0 0 '  ABOVE AND 5 0 0 '  AWAY FROM OBSERVER, 
PNdB = 1 0 2 . 0  

F i g u r e  219p. Trend Data for Noise Derivative Tilt Rotors. 100 
Passengers. A l t i t u d e  = 1 4 , 0 0 0  F e e t .  Lisa  Loading 
= 15 PSF. Wing Loading = 100  PSF. 



TILT ROTOR HOVER NOISE SPECTRUM AND NOY DISTRIBUTION, 
1 0 0  PASSENGERS, VT = 8 6 0 ,  SIGMA = - 0 9 ,  CASE = 8 ,  WORST 
AZIMUTH, AIRCRAFT 1bO' ABOVE AND 5 0 0 '  AWAY FROM OBSERVER, 
PNdB = 1 0 1 . 0  

F i g u r e  2 . 1 9 q .  T r e n d  D a t e  for N o i s e  D e r i v a t i v e  T i l t  R o t o r s .  
1 0 0  P a s s e r . g e r s .  A l t i t u d e  = 1 4 , 0 0 0  F e e t .  
D i s c  L o a d i n g  = 15  PSF. Wing L o a d i n g  = 1 0 0  PSF.  
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T I L T  ROTOR HOVER NOISE PSECTRUM AND NOY DISTRIBUTION, 
1 0 0  PASSENGERS, VT = 8 6 0 ,  SIGMA = - 1 0 ,  CASE = 9 ,  WORST 
AZIMUTH, AIRCRAFT 1 0 0 '  ABOVE AND 5 0 0 '  AWAY FROM OBSERVER, 
PNdB = 9 9 . 8  

F i g u r e  2 . 1 9 r .  T r e n d  Dafa for N o i s e  D e r i v a t i v e  T i l t  R o t o r s .  1 0 0  
P a s s e n g e r s .  A l t i t u d e  = 1 4 , 0 0 0  F e e t .  Disc Loadin?  
= 1 5  P S F .  Wing L o a d i n g  = 1 0 0  P S F .  



Figure 2.19s. Trend Dsta for Noise Derivative Tilt i3otors. 100 
Passengers. Altitude = 14,000 Feet. Disc Loadinq 
= 15 PSF. Wing Loading = 100 PSF. 

OCTAVE EA'm 

TILT ROTOR H W E R  NOISE SPECTRUM AND NOY DISTRIBUTION. 
100 PASSENGERS, VT = 860, SIGMA = .Ill CASE = 14. WORST 
AZIMUTH, AIRCRAFT 100' ABOVE AND 500' AWAY FROM OBSERVER, 
PNdB = 99.4 
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F i g u r e  2 . 1 9 t .  T r e n d  Data for N o i s e  D e r i v a t i v e  T i l t  Rotore. 100 
P a s s e n g e r s .  A l t i t u d e  = 1 4 , 0 0 0  F e e t .  D i s c  L o a d i n g  
= 15 P S 2 .  Wing ~ o a d i n g  = 100 PSF. 
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TILT ROTOR D .  P .  , -5  P N ~ B  HOVER NOISE SPECTRUM AND NOY 
DISTiUBUTIONl 1 0 0  PASSENGERS, VT = 6 4 0 ,  WORST AZIMUTH, 
AIRCRAFT 1 0 0 '  ABOVE AND 5 0 0 '  AWAY FROM OBSERVER, PNdB = 93.3 

F i g u r e  2 . 1 9 ~ .  T r e n d  Data for N o i s e  ~ e r i v a t i v e  T i l t  R o t o r s .  1 0 0  
P a s s e n g e r s .  A l t i t u d e  = 1 4 # 0 0 0  F e e t .  Disc L o a d i n g  
= 1 5  PSF. Wins L o a d i n q  = 1 0 0  PSF. 



TILT ROTOR D . P . ,  +5 PNdB HOVER NOISE SPECTRUM AND NOY 
DISTRIBUTION, 1 0 0  PASSENGERS, VT = 9 1 5 ,  SIGMA = . 0 8 1 ,  WORST 
AZIMUTH, AIRCRAFT 1 0 0 '  ABOVE AND 5 0 0 '  AWAY FROM OBSERVER, 
Piid? - L?3 .  ' 

F i g u r e  2 . 1 9 ~ .  Trend Data for Noise ~ e r i v a t i v a  Tilt Rotors. 1 0 0  
P a s s e n g e r s .  A l t i t c d e  = 1 4 , 0 0 0  F e e t .  Disc Loading 
= 1 5  9 b F .  Wina Loadina = 100  PSF. 



3.0 DESIGN DATA AND METHODS 

T h i s  s e c t i o n  of t h e  r e p o r t  c o n t a i n s  d e t a i l e d  d a t a  i n  each of 

t h e  technology d i s c i p l i n e s  t o  provide background f o r  t h e  

design s tudy r e s u l t s  given i n  Volume I. 

3.1 AERODYNAMICS AND PERFORMANCE 

Tandem Hel icop te r s  

The mission performance and a i r c r a f t  s i z i n g  c a l c u l a t i o n s  have 

been performed us ing  an  automated method c a l l e d  HESCOMP. T h i s  

computer program was developed f o r  NASA by t h e  Boei -~g V e r t o l  

Company under Cont rac t  NAS2-6107. The method is  an i t e r a t i v e  

procedure which t a k e s  an i n i t i a l  a i r c r a f t  s i z e  and f l i e s  t h e  

mission t o  determine mission f u e l .  The mission f u e l  weight  

i s  checked a g a i n s t  t h e  weight allowance i n  t h e  a i r c r a f t ,  and 

t h e  a i r c r a f t  i s  then  r e s i z e d  and reflown u n t i l  t h e  v e h i c l e  

s i z e  i s  compatible wi th  t h e  miscion requirements .  A d e t a i l e d  

d e s c r i p t i o n  of  t h i s  method can be found i n  t h e  HESCOMP manual, 

Reference 2.  

The mission performance d a t a  shown i n  Volume I f o r  each of t h e  

t h r e e  tandem h e l i c o p t e r s  i s  a  summary of t h e  d e t a i l e d  miss ion  

a n a l y s i s  d a t a  r e s u l t i n g  from HESCOMP computer ou tpu t .  The 

d e t a i l e d  mission d a t a  a r e  inc luded he re  i n  Tables 3.1 t o  3.3 

f o r  t h e  b a s e l i n e  tandem h e l i c o p t e r  and t h e  - +5 PNdB n o i s e  

d e r i v a t i v e  tandem h e l i c o p t e r s .  

Hover Download - Taadem Hel icop te r s  

The a i r f rame  download f o r  the tandem h e l i c o p t e r  was es t ima ted  

using a  semi-empirical a n a l y s i s .  This  a n a l y s i s  d i v i d e s  t h e  
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port ion of the  fuselage between the  r o t o r s  i n t o  components 

having s imi l a r  a i r f rame c ros s  sec t ions .  Each component i r  

analyzed separa te ly  t o  ob ta in  t h e  i o c a l  download. The fuselage 

download is then t h e  rum of t h e  component. The download can 

be wr i t t en  - 

where 

DL = l o c a l  downlaod 

T = t h r u s t  

CD = l o c a l  v e r t i c a l  drag c o e f f i c i e n t  

W = l o c a l  fuselage width 

R = r o t o r  rad ius  

v = downwash ve loc i ty  

vo  = momentum theory induced ve loc i ty  

%R = d i s t ance  a f t  from forward r o t o r  i n  percent  

rad ius  

The v e r t i c a l  drag c o e f f i c i e n t s  f o r  t he  fuselage c ros s  s e c t i o n s  

were obtained from s ta t is t ica l  t rends  as shown i n  Figure 3.1. 

The downwaeh ve loc i ty  squared d i s t r i b u t i o n  KDL war determined 

using pressure  d i s t r i b u t i o n  da t a  from a powered model i n  the  

Boeing Vertol  V/STOL Wind Tunnel (BV D210-10077). Typical  



0 1.0 2 .o 3 .o 
FINENESS RATIO ( WIDTHfiEIGHT) 

FIGURE 3.1 DETERMINATION OF VERTICAL DRAG COEFFICIENT. 
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downwash velocity distribution for several rotor overlap 

ratios are shown in Fjgure 3.2. This download analysis war 

applied to an initial matrix of helicopters involving the 

variables NOP (Number of Passengers) and disc loading. The 

downloads are smmarized in Figure 3.3 to the lines of constant 

NOP. The fuselage shape is evsentially fixed. The variation 

in disc 10adi:xt implies a variation for rotor overlap. The 

download variations with overlap a1.d NOP are shown in Figure 

3.4. 

This analysis was also applied to the design point helicopter. 

The download for this aircraftwas estimated to 8.6% of the 

thrust. The results are listed below. 

TANDEM HELICOPTER DOWNLOAD 

FUSELAGE 

Forward 

Aft 

I I I TOTAL 

$R - 
0-100 

Rotor Performance - Tandem Helicopters 
The HESCOMP computer program includes a routine which computes 

the performance of the specified rotor using a series of 

generalized semi-empirical equations. These equatiocs have 

been used to define tne rotor performance in hover and cruise 

flight. A suarmary of the mthod is given in Table8 3.4 and 3.5. 

200 

V ~ D L  

290 

W (Ft) 

14.67 

FINENESS RATIO 

1.56 

t 
FLAT 

70 

CD 

-91 





FIGURE 3.3. 

NUMBER 
OF 

PASSENGERS 

0 1 A 
C 

I - 
6 8 10 

DISK LOADING 
EFFECT OF DISC LOADING ON TANDEM HELICOPTER DOWNLOAD. 

0 
0 10 20 30 

% OVERLAP 

FIGURE 3.4. EFFECT OF OVERLAP ON TANDEM HELICOPTER DOWNLOAD. 



This methodology has  been checked a g a i n s t  known r o t o r s  and 

provides good c o r r e l a t i o n  a g a i n s t  wind t unne l  and f l i g h t  

test d a t a  a s  shown i n  Figure  3.5. 

The r o t o r  s o l i d i t y  w a s  s i z e d  by maneuver cond i t ions  (see 

Sect ion 3.5) and t h e  r o t o r  t w i s t  was examined t o  determine 

t h e  best r o t o r  f o r  t he se  a i r c r a f t .  

The impact o f  varying r o t o r  t w i s t  on a i r c r a f t  s i z e  and 

performance is shown i n  Figure  3.6. Inc reas ing  t h e  b lade  

t w i s t  improves t h e  a i r c r a f t  c a p a b i l i t y .  The b lade  t w i s t  was 

s e l e c t e d  a t  12 degrees s i n c e  experience ~ i t h  r o t o r  loads  and 

stresses a t  h igher  t w i s t  sugges t s  t h a t  r i s k  would be involved. 

The r o t o r  t w i s t  s e l e c t e d  f o r  HLH and UTTAS is 12  degrees  f o r  

s i m i l a r  reasons.  

The d rag  methodology used t o  de r i ve  t h e  p a r a s i t e  d rag  is  

descr ibed i n  Reference 3 . This  method is  shown d i ag rama t i ca l l y  

i n  Figure 3.7. The approach uses  a  semi-empirical technique t o  

e s t a b l i s h  t h e  component con t r i bu t i on  and mutual i n t e r f e r e n c e  

e f f e c t s  t o  a r r i v e  a t  an e s t ima t e  of  t h e  t o t a l  p a r a s i t e  d rag  

a r ea  of  t h e  veh ic le .  Rotor hub d rag  was de r ived  from HLH 

r o t o r  test d a t a  def ined i n  Reference and s ca l ed  a s  a i r c r a f t  

s i z e  f o r  t h i s  s tudy.  The component d rag  e s t ima t e  f o r  t h e  

ba se l i ne  h e l i c o p t e r  i s  given i n  Table 3.6. This  was u t i l i z e d  

a s  a  g ross  weight t o  d rag  a r e a  r a t i o  t o  develop t h e  t r end  curve 

used i n  t he  t r end  s t u d i e s  and is shown i n  Figure  3.8. 



MA111 ROTOR I N  HOVER 

TABLE 3 . 4 .  HOVER ROTOR PERFORMANCE TANDEM HELICOPTER. 



---- *UU.,U--& i > 

I TABLE 3 . 4 .  HOVER ROTOR PERFORMANCE TANDEM HELICOPTER. (CONTINUED: 

MA I I\I ROTOR I ii HOVER 
INDUCED POKER 

c = HOVER THRUST REQUIRCD 
T p q 2  

KHOV = Hover induced power f a c t o r  
(KIIoV = f (cT, blade NO. , blade TWIST) 

KOL = Tandem rotor overlap induced power 
i n t e r f e r e n c e  factor (KOL = f (O/L) ) 

where: 

* I 1 BLADE NO. ' KRLH , 

5 /  3 
* IN THIS CASE KOL = 1+.75(O;L) 

% L S ~  
R e f  'd t o  b=4 

205 



I IAIfJ ROTOR IN HOVER 

PROF I LE POHER 

where : - 
C ~ o  - C ~ B  + A C ~ 1 4  

where : 

* i n  t h i s  case AMD ref 'd to b=4 
BB 

MD i =f (rotor blade airfoil section) 
Bo 

K ~ l r  K ~ Z f  'H3 ' K ~ 4  

TABLE 3:4. HOVER ROTOR PERFORMANCE TANDEM HELICOPTER. (CONTINUED) 



llAIN ROTOR IN CRUISE FLIGllT 
SUPVCiAl?Y 

- - pAV 3~ 
""TOT 

* TOT 
550 

where : 

TABLE 3 . 5 .  CRUISE ROPSR PERFORMANCE TANDEM HELICOPTER. 



MAIN ROTOR I N  CRUISE FLIGHT 
I NDU LCD PO\iER 

where : 

KiJOV = KHOV recalculated based on a CT defined as: 

K ~ ~ ~ o  = 1 . 0 0  for a s i n g l e  rotor helicopter 

%NT, = f ( c ' )  for a Carx.Ielr~ rutor helicopter 

where : 

'FUS = Fuselage attitude 

Y o  = Hub gap/s tagger  a n g l e  



MAIN ROTOR Iii CRUISE FLIGHT 
PROF I LE POKER 

where : 

where: 

- 'DL - C ~ B  (HOVER) recalculated based on a CT defined as: 

C, = G W ( ~ + D L  -- s i n 2 € )  
A 

P A V ~ *  
= AC (HOVER) recalculated based 

D~ - GW(1tDL sin2t) 
CT - 

pAvT2 

\ =f (ROTOR blade 

on a CT defined as: 

a ir fo i l  section) 



TABLE 3.5. CRUISE ROTOR PERFORMANCE TANDEM HELICOPTER. (CONTINUED) 



0 0.10 030 0.30 . 0.40 

AWANCE RATIO ()c) 

0 10 80 120 la 
TRUE AIRSPEED (KN) 

FIGURE 3 .5 .  FLIGHT TEST AND WIND TUNNEL TEST RESULTS CONFIRM 
ROTOR PERFORMANCE PREDICTION METHODS. 





MISSION I--- AIRCRAFT +I GEOMETRY I 
I FLIGHTC~DITIONS I WETTED AREAS 1 

I SKIN FRlCT ION ROUGHNEsS 
(DISCRETE) 

BASIC DRAG 

+ TUNNEL 

EXCRESCENCES \- 

( 1  RIM, COOLING, INLETS, ST ATISTICAL 
AIR CONDITIONING, ETC.1 AND FLIGHT 

I \ TEST DATA / 

MINIMUM PARASITE 
DRAG 

Figure 3 . 7 .  Minimum Parasite Drag ~stimation Procedure. 



ITEM 

D2I.O-10858 -2 

TANDEM HELICOPTER DIWG SUhIMARY 

FUSEUCE 

FORWARD PYLON 

AFT PYLON 

NACELLES 

MlSCELLANEOUS 

OIL COOLER MOMENTUM LOSS 

klR CONDITIONING 

TRIM 

SUB TOTAL 

ROTOR HUBS 

TOTAL DRAG AREA 

DRAG AREA f - F t  2 
e 

TABLE 3 6 TIINDEI.1 HELICOPTER - DASELINE AIRCRAFT 
DRAG SUt4blARY. 
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of t h i s  engine used throughout t h i s  s tudy  

t u r b i n e  i n l e t  temperature and f l i g h t  Mach - 

Engine Performance (He l i cop te r )  

The engines s e l e c t e d  f o r  t h e  s tudy  was t h e  AVCO Lycoming 

LTC4V-1 engine. This  engine has an u n i n s t a l l e d  engine  r a t i n g  

of 5,000 SHP and a d ry  weight of 750 pounds. T h i s  power t o  

weight r a t i o  of .15 m e t  t h e  NASA c r i t e r i a .  The :PC of  t h e  

engine was .418 a t  s e a  l e v e l  s t andard ,  was less than  t h e  NASA 

c r i t e r i a  of . 4 2  a t  takeoff  power a t  s e a  l e v e l ,  90 degrees  F. 

The a i r c r a f t  des ign  t akeof f  ambient, t h e r e f o r e ,  t h e  f u e l  f low 

was ad jus ted  t o  comply w i t h  t h e  des ign  c r i t e r i a .  

Figures 3.9 and 3.10 g i v e  t h e  r e f e r r e d  i n s t a l l e d  performance 

as a f u n c t i o n  of 

number. 

Referred Power is  SHP/6 d 0 -- 
SHP* 

Referred Fuel  Flow is W f / 6  1 8 

SHP* 

NI *-- 
Referred Compressor Speed i s  

~ 1 f i  Referred Power Turbine Speed is  - 
N ~ :  

The i n s t a l l a t i o n  f a c t o r s  app l i ed  inc luded i n l e t  and exhaus t  

l o s s e s  and a 1% compressor b leed  f o r  a i r  cond i t ion ing  and 

p ressur iza t ion .  Accessory horsepowers of 150 SHP t o t a l  a r e  

deducted dur ing  a i r c r a f t  performance c a l c u l a t i o n s  and a r e ,  

t h e r e f o r e ,  no t  included i n  t h e  d a t a  of  F igures  3.9 and 3.10. 



FIGURE 3.9. GENERALIZED HELICOPTER ENGINE PERFORMANCE - 
POWER AND FUEL PLOW. 



MACH NO. 
0 . 2  . 4  

1 COMPRESSOR 1 

FIqURE 3 . 1 0 .  GEN 
COM 

:RALIZED HELICOPTER ENGINE PERFORMANCE - 
'RESSOR AND POWER TURBINE SPEED. 



T i l t  Rotor A i r c r a f t  

The tilt r o t o r  a i r c r a f t  were s ized  and the mission performance 

data  obtained using VASCOMP. This computer program was 

developed f o r  NASA by Boeing Vertol  Company under NASA 

Contract NASZ-3142. T h i s  program works i n  a similar manner 

t o  the  HESCOMP program except t h a t  it is s p e c i f i c a l l y  designed 

t o  handle V/STOL configurat ions .  The d e t a i l s  of t h i s  

methodology are reported i n  Reference 2. 

The tilt r o t o r  a i r c r a f t  mission performance d a t a  are given a s  

summaries i n  Volume I. The d e t a i l e d  mission performance ca l -  

cu la t ions  are provided i n  Tables 3.7 t o  3.9 f o r  t h e  base l ine  

and +5 - PNdB noise  de r iva t ive  a i r c r a f t .  

T i l t  Rotor - Download and Ground Ef fec t  

Hover tests, conducted between 1967 and 1970 l e d  t o  t h e  

development of t h e  leading edge umbrella f l a p s  for t h e  Model 

222: these  a r e  used t o  reduce download on t h e  wing from r o t o r  

wake. The tests included exploratory s t u d i e s  of var ious  leading 

and t r a i l i n g  edge devices a t  t h e  Princeton Universi ty smoke 

tunnel ,  wind tunnel  model tests on a model with 5.5 foo t  

diameter r o t o r s  a t  t h e  Boeing Vertol  V/STOL wind tunnel ,  and 

a f u l l  s c a l e  test a t  t h e  Wright F ie ld  whi r l  tower using a 

CH-47A r o t o r  and sca led  wing. Data from these  tests are 

summarized i n  Figure 3.11. The summary shwn t h e  e f f e c t  on 

download of leading and t r a i l i n g  edge c o n f i g u r a t i m  a d  of 

ground proximity. Based on t h e s e  d a t a ,  t h e  following download 

t o  t h r u s t  r a t i o s  (DL/T) have been used i n  t h i s  study: 
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Out of ground effrct, OGE (h/D > 2.0) t 

In ground t, fact, IGE (h/D - 0.51) t 

bhese value8 of download to thrust have been combined, in 

this utudy, with a rpecified lift to weight ratio (L/W) to 

determine the 

The following 

hover ceiling 

required aircraft thrust to wight ratio: 

thrust to weight ratios have h e n  ured for the 

data of thin report: 

TABLE 3.10. VALUES OF TILT ROTOR T/W IN HOVER. 

Pator Performance Prediction - 

OGE 

IGE 
.. 

To properly derign a rotor or propeller for a vehicle, an 

assessment of the cruise rpaed requirement and the hover 

requirement8 must be made with the objective of minimizing the 

rotor weight and the total power requirec. To do this trade- 

off, comparisons of hover and cruise performance for families 

of rotor8 utilizing variou~ combinations of twist, blade number, 

1.03 -- --- 
1.0815 

0.9527 

1.05 

1.111 --. 
0.972 

-4 



airfoils, etc. must be carried out. The data reeulting from 

this comparison are then placed into the aircraft sizing 

programs to establish the effect on aircraft size, weight, 

power and fuel consumption and indicate if the rotor design 

should be biased to achieve high speed cruise performance 

or improved hover performance. 

In order to accurately reflect variations in rotor design 

parameters, Boeing has developed rotor performance programs 

B-92 (Propeller-rotor hover ?.nd axial cruise flight perfor- 

mance) and D-67 (helicopter rotor (edgewise flight) cruise 

performance). Both of these programs utilize the "explicit - 
vortex influence-technique". This method consists of a strip 

analysis procedure coupled with non-uniform inflow calculatims. 

Each blade is treated as a rotating lifting line, trailing a 

vortex wake which is mathematically approximated by a finite 

number nf concentrated vortex filaments. An iterative compu- 

tation is followed to make the indrced flow at the disc, 

determined by the trailing vortices, mutually consistent with 

the spanwise aerodynamic loading distribution. 

These programs account for: 

o blade geonietry 

- taper 

- airfoil distribution 

o number of blades 

o rotor tip speeds 

o required lift 
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o requ i red  p ropu l s ive  f o r c e  

o a i r f o i l  aerodynamics based on wind t u n n e l  test d a t a  

o inf low,  and 

o o r i e n t a t i o n  o f  t h e  r o t o r  a x i s  t o  t h e  f l i g h t  pa th .  

F igure  3.22 i l l u s t r a t e s  summaries of  comparisozs between pre-  

d i c t e d  and test d a t a  f o r  v a r i o u s  rotor and p r o p e l l e r  conf igur-  

a t i o n s .  Th i s  methodology was used to  opt imize  t h e  prop r o t o r  

performance f o r  t h e  des ign  p o i n t  a i - c r a f t  as shown i n  F igures  

3.13 to  3.15. The i n i t i a l  pa ramet r i c  d a t a  shown i n  F igure  

3.13 are used t o  d e f i n e  t h e  maximum performance envelope shown 

i n  F igure  3.14. 

The r o t o r  s o l i d i t y  and t w i s t  va ry  a long the maximum performance 

envelope and a i r c r a f t  were s i z e d  us ing  a fami ly  o f  p rop / ro to r s  

along t h i a  l i n e .  

These a i r c r a f t  vary  i n  g r o s s  weight  and d i rec t :  (opera t ing  costs 

a s  s h w n  i n  F igure  3.15. The 2ptintrm prop/ ro tor  f o r  this 

a i r c r a f t  has a s o l i d i t y  of 0.08 and a t w i a t  of  34 degrees.  The 

minimm s o l i d i t y  s e l e c t e d  from s t r u c t u r a l  c o n s i d e r a t i o n s  was 

0.09 and t h e r e f o r e  t h e  p rop / ro to r  correeponding t o  t h a t  p o i n t  

was s e l e c t e d  f o r  t h e  a i r c r a f t .  

T i l t  Rotor Drap 

The minimum drag of t h e  tilt rotor has  boen c a l c u l a t e d  us ing  

t h e  s t andard  Basing method of  Reference 3 .  Th i s  method is  

based on rurveya of e x i a t i n g  d a t a  and t h e  a p p l i c a t i o n  of semi- 

empi r i ca l  methods. The method o rov ide r  a componenL build-up 

of  d rag  aa  s h a m  i n  Table 3.11. Tbe d r a g  e a t i m a t e  i n  ohown 
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FIGURE 3 . 1 5 .  EFFECT OF ROTOR PERFORMANCE AND DESIGN ON AIRCRAFT SIZE.  
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i n  F igu re  3.16 compared w i t h  e x i s t i n g  a i r c r a f t  and a  tilt 

r o t o r  t r e n d  l i n e  d e r i v e d  from p r e v i o u s  tilt rotor d e s i g n  

s t u d i e s .  The c u r r e n t  d r a g  e s t i m a t e s  a r e  c o n s i s t e n t  w i t h  

t h o s e  t r e n d s .  

Engine Performance T i l t  Rotor  

The e n g i n e s  s e l e c t e d  f o r  t h e  s t u d y  was t h e  AVCO Lycoming 

LTC4V-1 engine .  T h i s  e n g i n e  h a s  an u n i n s t a l l e d  e n g i n e  r a t i n g  

of 5,000 SHF and a d r y  weight  o f  750 pounds. T h i s  power t o  

weight  r a t i o  o f  .15 met t h e  NASA cr i ter ia .  The SFC of  t h e  

eng ine  was .418 a t  sea l e v e l  s t a n d a r d ,  was less t h a c  t h e  NASA 

c r i t e r i s  o f  . 4 2  a t  t a k e o f f  power a t  sea l e v e l  90 d e g r e e s  F. 

The a i r c r a f t  d e s i g n  t a k e o f f  ambient ,  t h e r e f o r e ,  t h e  f u e l  

f low were a d j u s t e d  t o  comply w i t h  t h e  d e s i g n  c r i t e r i a .  

F i g u r e s  3.17 and 3.18 g i v e  t h e  r e f e r r e d  i n s t a l l e d  performance 

of t h i s  eng ine  used  throughout  t h i s  s t u d y  a s  a f u n c t i o n  o f  

t u r b i n e  i n l e t  t empera tu re  and f l i g h t  Mach number. 

SHP/B f i  
SHP* 

Refe r r ed  power is  

Refe r r ed  f u e l  f low i s  
SHP * 

Refe r r ed  compressor speed i s  N 1 / f l  

N1+ 

E c f e r r e d  power t u r b i n e  speed  i s  ~ I d f l  
N r r *  

The i n s t a l l a t i o n  f a c t o r s  a p p l i e d  inc luded  i n l e t  and e x h a u s t  

l o s s e s  and a  1% compressor b l e e d  f o r  a i r  c o n d i t i o n i n g  and 

p r e s s u r i z a t i o n .  Accessory horsepowers of  150 SHP t o t a l  a r e  
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deducted during aircraft performance calculations and are, 

therefore not included in the data of Figures 3.18 and 

3.19. 



. S r  3 

C 1 

d V) 

FIGURE 3.17. GENERALIZED T I L T  ROTOR ENGINE PERPORIIRNCE - POWER ANC FUEL FLOW. 
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FIGURE 3.18. GEIERALIZED TILT ROTOR ENGINE PERFORMANCE - 
COMPRESSOR AND POWER TURBINE SPEED. 
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3.2 WEIGHTS 

The weights of the six configurations are summarized in Tables 

3.12 and 3.13. 

Weight trade studies leading to the selection of the baseline 

configurations were accomplished using computerized weight 

prediction programs. VASCOMP, sized and weighed the tilt 

rotor configura4.ions. The HESCOMP helkopter program analyzed 

the helicopter type configuraLions. These sizing programs in- 

clude a weights subroutine which automatically computes sub- 

system weight changes resulting from variations in the config- 

uration size, flight envelope, payload, etc. They provide a 

consistent method for rapidly estimating the aircraft's 

operational weight empty and gross weight. The program divides 

t1.s weight empty into three groups: propulsion, structures and 

flight controls. Weight trends are programmed for each group 

which compute their respective weights. These are then combined 

with weight input values of fixed useful load, fixed equipment 

and payload to determine the weight of the fuel available for 

a given gross weight and payload. The weight input values 

are determined from specific mission requirements and/or 

specified equipment lists, A flow chart for the weight trend 

subroutine is shown in Figu;.? 3.19. 

The weight trends were develcped at Vertol from atatist,ical 

and semianalytical data of existing aircraft. They combine 

geometric, design and structural parameters into an accurate 

welght prediction tool. Exanples of the weight trends for 



t h e  major weight  g roups  a r e  p r e s e n t e d  i n  F igu rea  3.20 

th rough 3.28. 

The t r e n d s  i n c l u d e  s u f f i c i e n t  d e s i g n  p a r a m t e r s  t3 accow.t 

f o r  t h e  major d e s i g n  f e a t u r e s  a s s o c i a t e d  w i t h  each  o f  t h e  

s t u d y  c o n f i g u r a t i o n s .  

I n  o r d e r  t o  p r o v i d e  comparisons o f  t h e  d e s i g n  p o i n t s  w i t h  t h e  

s t a t i s t i c a l  d a t a  t h e  a s s u n ~ p t i o n s  f o r  weight  r e d u c t i o n  due  t o  

advanced composi te  m a t e r i a l s  have been removed i n  F i g u r e s  

3.20 t o  3.28. 

The f l i g h t  c o n t r o l  t r s n d ,  f o r  example,  is d i v i d e d  I n t o  s i x  

groups, which e n s u r e s  t h a t  a we igh t  a l lowance  is i n c l u d e d  f o r  

a l l  t h e  major c o n t r o l  items a : ~ d  s p e c i a l  f e a t u r e s .  I t  i n c l u d e s :  

. Cockpi t  c o n t r o l s  

. Rotor  c o n t r o l s  

. Fixed-wing c o n t r o l s  ( i n c l u d e s  t y p e  and number o f  

c o n t r o l  s u r f a c e s )  

. Systems and h y d r a u l i c s  

. T i l t  mechanism ( i n c l u d e s  t i l t i n g  n a c e l l e  o r  wing 

mechanism) 

. SAS and mixing ( i n t e g r a t e s  a i r p l a n e  and h e l i c o p t e r  

c o f i t r o l s ) .  

The rotur group weight  t r e n d s ,  F i g u r e s  3.20 and 3.22 i n c l u d e s  

pa rame te r s  which cccsiders number of rotors and blades, t y p e  

o f  system ( r i g i d ,  a r t i c u l a t e d ,  t e e t e r i n g ,  e tc , )  t i p s p e e d ,  etc.  
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Weight t r e n d s  s i m i l a r  t o  Lhe one shown i n  F igure  3.23 were 

used t o  p r e d i c t  t h e  weight of c o n f i g u r a t i o n s  des igned around 1. 
a i r p l a n e  type  fuse lage  s t r u c t u r e  a s  i n  t h e  c a s e  of t h e  tilt 

r o t o r  a i r c r a f t .  F igure  3.24 d e s c r i b e s  t h e  t r e n d  which was 

used i n  conjunct ion  w i t h  he l i cop te r - type  f u s e l a g e  s t r u c t u r e  

where t a i l  boomr, t a i l  r o t o r s  o r  t a i l  f a n s  are used. 

Drive system w e i ~ h t  is  determined by m u l t i p l y i n g  t h e  c o n s t a n t  

(K) by a s imple torque  express ion  a s  i n d i c a t e d  by t h e  o v e r a l l  

d r i v e  system weight t r e n d  shown i n  F igure  3.25. Determinat ion 

of che cons tan t  i s  t h e  end r e s u l t  of i d e t a i l e d  box-by-box 

a n a l y s i s  of t h e  d r i v e  system c o n f i g u r a t i o n .  The s e m i a n a l y t i c a l  

method c a l c u l a t e s  t h e  weight  of  each g e a r  set. I t  i n c l u d e s  

t h e  e f f e c t s  of Hertz stress, gea r  r a t i o ,  bea r ing  suppor t ,  

number of g e a r s  i n  a  s t a g e ,  and e x t e r n a l  or s t r u c t u z a l  

suppor ts .  The d r i v e  s h a f t i n g  weight i s  determined independent  

of t h e  box weight and i n c l u d e s  parameters  which cons ide r  t h e  

number of  s h a f t  s e c t i o n s  and t r a n s m i t t e d  torque .  

Wing and t a i l  weight c rends  a r e  shown i n  F igures  3.26 t o  3.28. 

The t r e n d  c o n s t a n t s  "K" a r e  primary i n p u t s  t o  t h e  computer 

programs. S e l e c t i o n  of t h e  c o n s t a n t s  depend on t h e  type  

of a i r c r a f t  being conf igured  - h e l i c o p t e r ,  compound, tilt 

r o t o r ,  e t c . ,  m a t e r i a l ,  and l e v e l  of  technology. P e c u l i a r  

des ign  loads  and s t i f f n e s s  requirements  and s p e c i a l  des ign  

Eeatures such a s  f o l d i n g  r o t o r  b lades ,  t i l t i n g  n a c e l l e s ,  

shrouded t a i l  f a n s ,  etc. a r e  s t u d i e s  i n d i k i d u a l l y  and inpu ted  

as a  v a r i a t i o n  of t h e  c o n s t a n t  o r  inc luded a s  a d i r e c t  weight  

i n p u t  i n  t h e  incrementa l  group weight s e c t i o n  of  t h e  VASCOMP 
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weights input form. 

Current Vertol CH-46, CH-47 and HLM contracts for tandem 

helicopter and the detailed design of the Model 222 Tilt 

Rotor Research Aircraft provide the data bank used for 

selecting the weight constants. In order to show substantia- 

tion of these weights, the Design Point Helicopter and 

the Design Point Tilt Rotor configurations were ch~sen and 

evaluated, using refined prediction methods and parameters. 

These substantiating calculations are included on Page 
. + 

i The computerized weight prediction programs were based tn +he 

i 
t 

assumptions discussed below. 

Limit Load Factor 

The limit load factors at mission gross weights are: 

1. Helicopters, 3.5 from FAR, Part 29. 

r, i t 2. Tilt rotor, 2.5 from FAR, Part 25. 

"L.L.F. SHALL RE SO LOWER THAN 2.5, BUT NEET 

NOT BE HIGHER THAN 3.8. 

W = MAXIMUM 'DESIGN GFIOSS WEIGHT. 

In the gross weight ranges of these tilt rotor alrcraft the 

limit load factor did not exceed 2.5 thus 2.5 was established. 

Advance - Materials for 1985 Operational Time Period 

From the Study Guidelines, Paragraph 4.5, the following is 

quoted: "%'he Contractor shall assume that the airframe struc- 

tural wei ght will be reduced approximately 25% by the use of 
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composi te  m a t e r i a l s . "  Boeing Vertol hac chosen t o  d i s t r i b u t e  

t h i s  weight  as fo l lows :  

TILT RCTOR HELICOPTER 

WING 30.2 0 

TAIL 30.2 36.1 

BODY 30.2 

LANDING GEAR 0 

ENGI??E S,,.TION 30.2 
- 

EQUIVALENT TOTAL 25.0 

Wing 

The wing weight  o f  t h e  tilt rotor wan based  on t h a t  o f  t h e  

Boeing V e r t o l  Model 222 tilt rotor  a i r c r a f t .  This r i n g  was 

des igned  by -unman A i r c r a f t  Company under  d i r e c t i o n  o f  Boeing 

Vertol and t h e  w e i g h t s  c a l c u l a t e d  i n  d e t a i l .  A d j u s c ~ n t s  have 

been made f o r  advanced m a t e r i a l s .  A comparison o f  t h e  d e s i g n  

p o i n t  wing weight ,  wit.h nc composi te  m a t e r i a l  assumpt ions .  

w i t h  t h e  we igh t  t r e n d  c u r v e s  is shown i? F i g u r e  3.26. 

Rotor  

Rotors o f  b o t h  t h e  h e l i c o p t e r  and tilt rotor have t i t a n i u m  hubs 

and root end  f i t L n g u  and f ike rg ' a s s  b l a d e s .  The Model 227 

r o t o r  i s  used a s  a b a s i s  f o r  the tilt n t o r  w i t h  nd jus tmen t s  

made f o r  t i t a n i u m  hub and root end f t t t i n g s  i n  1 . i . e ~  of  

steel. 

The h e l i c o p t e r  rotors are based on ave raga  v a l u e s  on t h e  trend 

curves .  
271 



T a i l  Sur faces  

T a i l  s u r f a c e  weights  were based on t r e n d s  uaing statistical 

d a t a  from similar a i r c r a f t .  Adjustments have been made f o r  

advanced m a t e r i a l s .  

Body 

Weightc. of  t h e  i-odies were based on t r e n d s  us ing  s t a t i s t i c a l  

d a t a  of  r t h e r  a i r c r a f t .  Adjustments have been made f o r  ad- 

vanced m a t e r i a l s .  The tilt r o t o r  body i s  p r e s s u r i z e d  f o r  

7,000 f e e t  a t  14,000 f e e t .  The h e l i c o p t e r  body is  n o t  

pressur ized .  

Al igh t ing  Gear 

The a l i g h t i n g  g e a r  of  both  a i r c r a f t  are retractable, des igned 

f o r  a  s i n k  speed o f  5 f e e t  p e r  second. A va lue  of 4% g r o s s  

weight has  been selected. 

Engine Sec t ion  

The tilt r o t o r  engine  s e c t i o n  was based on t h a t  of t h e  Model 

2 2 2 ,  52% of  t h e  engine weight.  

The he l i coFLer  engine s e c t i o n  weight  was determined from layou t s .  

A l l  have been a d j u s t e d  f o r  t h e  use  o f  advanced materials. 

Engines 

The engine weights  were based on rubber ized  LTC-4V-1 eng ines  

a t  0.1575 pounds p e r  horsepower. 

Engine I n s t a l l a t i o n  

Engine i n s t a l l a t i o n  c o n s i s t s  of  exhaus t  systems, p r o p e l l e r  

sp inners ,  e n g i n e ' c o n t r o l s ,  s t a r t i n g  system, and engine 

l u b r i c a t i o n  system. The i n p u t  v a l u e s  f o r  t h e  computer are 



i n  percent  of engine weight and a r e  8.3% f o r  t h e  he l i cop te r  

0 and 31% f o r  t he  tilt rotor a i r c r a f t .  

The he l icopte r  value  was based on t h a t  of  the Vertol CH-47, 

the  tilt rotor value was based on the  Vertol  Model 222. 

Fuel System 

The f u e l  system weights f o r  t h e  tilt rotor were based on t h e  

Boeing 737-200. Tanks axe i n  the wing. Since t h e  he l i cop te r  

tanks are loca ted  i n  t h e  body beneath t h e  f l o o r ,  they have 

been assumed t o  be crash r e s i s t a n t .  

Weight inputs  i n  t h e  computer a r e  i n  t h e  form of pounds per  

pound of fue l .  

Drive System 

The tilt r o t o r  d r i v e  system weight was based on t h a t  of t he  V e r t o l  

Model 222. The he l i cop te r  weight was  based on t h e  values  o f  
'1 s i m i l a r  tandem rotor systems on t h e  t rend curve. 

F l i g h t  Controls  

The f l i g h t  con t ro l  weights were based on Vertol Model 222 and 

typ ica l  tandem he l i cop te r  weights, reduced f o r  fly-by-wire 

systems. The weight reduct ions  a s  appl ied t o  these  systems a r e :  

Cockpit 29% 

Rotor Upper Controls  0 

Rotor System Controls 20% 

Airplane Type Controls 20% 

SAS 0 

POD T i l t i n g  Mechanism 13% 



Fixed Equipment 

The fixed equipment weights were based primarily on the 

Boeing 737-200 and the Vertol CH-46, adjusted in some areas 

for weights quoted in the "Study Guidelinesn. Tables 3.14 and 

3.15 summarize those used in these studies. 

APu, Instruments, Electronics and Electrical 

Paragraph 4.9 of the "Study Guidelinesn quotes a weight of 

1,200 pounds for these items, not including electrical gener- 

ation. In comparing this to the Boeing 737-200, Boeing Vertol 

has assumed that this 1,200 pounds is an uninstalled weight. 

WEIGHT 

BOEING 737-200 TOTAL EQUIPMENT INSTALLATION 

APU 830 308 522 

INSTRUMENTS 552 323 229 

ELECTRONICS 846 280 566 

ELECTRICAL 

TOTALS 

Using th e above, it can be determined that the installation 

weight is 81% of the uninstalled weight. 

BY zpplying this factor to the 1,200 pounds, the installation 

weight is 972 pounds. This and the electrical generation 

weights are shown separately in Tables 3.14 and 3.15. 

A frowth factor (assuming constant performance and strength) 

of 1.9 for the helicopter and 2.1 for the tilt rotor have been 
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established. The curves Ir Figures 3.29 and 3.30 show the 3 
8 

weight growth effect on these aircraft. If the 972 pounds 
1 

of installation weight were not included, the gross weight 

of the helicopter would decrease from 67, 175 pounds to 

65,328 pounds, the tilt rotor gross weight woula decrease 

from 74,749 pounds to 72,708 pounds. 

Hydraulics and Pneumatics 

The hydraulics and pneumatics weights were established as 680 

pounds based on the Boeing 737-200. 

Furnishings and Equipment 

Furnishings and equipment consist of Flight Deck Accomo- 

dations, Passenger Accommodations, Cargo Accommodations and 

Emergency Accommodations and are listed in Tables 3.19 and 

3.20. They are based primarjly on those of the Eaeing 737- 

200, adjusted in certain areas to agree with weights quoted 

in the "Study Guidelinesw. 

Air Conditionin3 

The helicopter air conditioning system is based on 11.5 pou.ds 

per passenger. The tilt rotor air conditioning system, in- 

cluding pressurization is based on 13.5 pounds per passen- 

ger. 

Anti-Icinq 

Anti-icing weights for tho helicopter ir based on the Boeing 

Vertol CH-46 at 0.6% design gross weight. 

Anti-icing weights for the tilt rotor are based on: 



737-200 = 0.25% Gross Weight 

CH-46 = 0.5% Grass Weight 
0.75% 

Useful  Load 

The u s e f u l  loads  weights  (no t  inc lud ing  f u e l )  a r e  shown i n  

Tables 3.21 and 3.22. They a r e  based on t h e  Boeing 737-200, 

ad jus ted  i n  c e r t a i n  a r e a s  for weights  quoted i n  t h e  "Study 

Guidel ines".  

Weight Subs t :n t i a t ion  

The weights  l e a d i n g  t o  t h e  s e l e c t i o n  of t h e  c o n f i g u r a t i o n s  

shown i n  t h i s  s tudy  were der ived by usink: t h e  computerized 

s i z i n g  and weight  p r e d i c t i o n  programs, VASCOMP and HESCOMP. 

S u b s t a n t i a t i o n  o f  t h e s e  weights  us ing  weight  p r e d i c t i o n  methods 

developed and improved by Boeing V e r t o l  Weight Uni t ,  are pre-  

sen ted  i n  t h i s  s e c t i o n  of t h e  r e p o r t .  The two des ign  p o i n t  

a i r c r a f t  were chosen as examples, see Tables  3.23 and 3 . 2 4 .  
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FIGURE 3.29. WEIGHT GROWTH AT CONSTANT PERFOIIMANCE AND 
STRENGTH - HELICOPTER. 
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FIGURE 3.30. WEIGHT GROWTH AT CONSTANT PERFORMANCE AND 
STRENGTH - TILT ROTOR. 
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BOEING V E R T O L  COMPANY 

I 

R O T O R  1 6678 
T A I L  I 

D2lO-10858 -2 
WEIGHT SUMMARY - PRELIMINARY DESIGN 

IMI L - S T D - 1 3 7 4 1  

ROTOR k 
- - .-- 

B O D Y  6504 P 6472 

D R I V E  6838 1 6804 
- - -  -- 

F L I G H T  CONTROLS 

B ASIC 

SECONDARY 

A L I G H T I N G  G E A R  GROUP 

E N G I N E  S E C T I O N  

PROPULSION GROUP 

ENGINE INST 'L  

EXHAUST SYSTEM * 
COOLING 

CONTROLS * 
S T A R T I N G  * 

ACCOM. FOR P E R X ) N .  

MISC. EQUIPMENT 

FURNISHINGS 

EMERG. EQUIPMENT - -- - -- 
AIR C O N D I I ' ^ " I N G  0 11 50 
A N T I - I C I N G  G ~ O U P  400 400 

L O A D  AND H A N D L I N G  GP. +I -. -. - . 

i WEIGHT EMPTY 140179 140066 1 I 

-- 
I 

2687 t 2687 
491 489 

+.- - -- -- 
P R O P E L L E R  INST 'L  *I82 1 - 
L U B R l f  AT ING * 
FUEL 483 - f -- - -- - - 

9703 1 9668 
2200 1 0 

44 
I 

44 
I 71 

I 1 I 1 I 

1 CREW I I I I 

- - - . - . - - --+----.---- 
. 1 - -- - .- - 

--- - - 

I 
-- -- 

---.-- +-- 

C - I -- - - - - - - . .. . - 
T R A P P E D  L IQUIDS 

ENGINE O I L  ------- -- 

I 

GROSS WEIGHT I I I I 1 
FORM 21301 12 ' 7 3 )  

- - 
- 

- 

--- 
I 



DESIG?.V POINT TANDEM HELICOPTER - WEIGHT SUBSTANTUTION -- 
ROTORS 6 ,646  LBS 

BLADE L (REF. -WEIGHT TREND CURVE, FIGURE 3.20 ) - -... . 
W,, - 44 K~~~~~ 

( )  = 1 . 0  OR GREATER 

WHERE : 

WB = Blade Weight Per Rotor 

Wg = Design Gross Weight = 67 ,175  X . 6  = 40,305 LBS 

LLF = L i m i t  Load Factor = 3 .5  

R = Rotor Radius = 34 .45  FT 

r = E Rotation to  Blade Attachment = 4 . 1  PT 

b 3 FT unber of Blades Per Rotor = 4  

C = Blade Chord = 2 . 6 8  FT 

Kb = Rotor Type Factor - Articulated = 1 . 0  

Kd = Droop Constant - Tandem + 1 ,000  

t 3 B L i e  Thickness a t  25% Chord = . 32  FT 

= 5456 

WB = 44(5456)  = 1 ,906  LBS PER ROTOR. 



HUB (REF. -WEIGHT TREND CURVE, FIGURE 3 . 2  2 ) - 6 , 6 4 6  LBS 

WHERE : 

WH = Hub Weight Per Rotor 

Wb = Blade  Weight = 4 7 6 . 5  LBS EACH 

R = Rotor Radius = 34.45 FT 

NR = Rotor R P M  = 201 

PR = Rotor Horsepower Per Rotor = 

13021 X 0 . 5 5  = 7161 HP 

r = g Rotation to Blade Attachment = 4 . 1  FT 

b = Nmkr of B l a d e s  Per Rotor = 4  

Kamd = a x m x d  = 1 . 0  X - 5 4  X - 6 2  = - 3 3  

=6539 

W = 6 1 ( 6 5 3 9 )  0 * 3 5 8  = 1417 LBS PER ROTOR 

TOTAL ROTOR WEIGHT 

BLADES = 1906 
HUB = 1417 - 

3323 X 2  = 6 ,646  LBS 



BODY (REF. - WEIGHT TREXD CURVE, FIGURE 3.24 ) - 6,472 LBS 

WHERE : 

WB = Body Weight 

Wg = Design Gross Weight = 67,175 LBS 

N = Ul t ima te  Load F a c t o r  = 3.5 X 1.5 = 5.25 

Sf = Wetted Area c f  Body I n c l  d i n g  
Rotor Pylons - 3684.6 FT Y 

Lc = Length of Cabi.1 (Nose t o  End of  
Cabin rloor) = 67.3 FT 

L~~ = Length of  Rampwell = 0 FT 

ACG = Center  of Gravit-y Range = 2.8 FT 

Vm = Maxi~rium Speed = 225 KNOTS 

Reduction f o r  
Composite .361 
(9503) -3431 

-6672 

+400 Add A i r  S t a i r s  ( I . )  

TOTAL BODY WEIGHT = 6472 



ALIGHTING GEAR (4% GROSS WEIGHT) 

0.04(67175) = 2687 

ENGINE SECTION 

Engine Mounts 

WEM = N (W X NCLF 10.41 
E E 

WHERE : 

w~~ = Weight of  Engine Mount 

NE = Number of Engines  = 2 

WE = Weight o f  Each Engine = 733 LBS 

N~~~ = N a c e l l e  Crash  Load F a c t o r  = 24.1 

WEM = 3 (733 X 24.1) 0*41 = 165 LBS 

D210-10858 -2 

2,687 LBS 

N a c e l l e  

W ~ ~ c  ' *E ( S ~ ~ ~  1 (PSF) 

WHERE : 

W~~~ = '#eight of Nacelle 

NE = Number o f  Engines  = 2 

S = Wetted Area = 1 4 3  ~t~ 
NAC 

PSI? = U n i t  Weight = 1.5 LBS/FT* 

WNAC = 2 (143) (1.5) = 429 LBS 

Reduct ion f o r  Com- 
p o s i t e  (. 361) (429) =-I55 m LdS 

I n t a k e  Duct - C e n t e r  Engine 

489 LBS 

WID = SD (PSF) 
WHERE : 

WID = Weight of I n t a k e  Duct 

SD = Duct Area = 52 FT2 



continued 

PSF = Unit Weight = 1.5 LBS/FT~ 

Reduction for Compo- 
site (.361) (78) -028 - 

50 LBS 

TOTAL ENGINE SECTION 

ENGINE MOUNTS = 165 
NACELLES = 274 
INTAKE DUCT (CENTER) = 50 

TOTAL ENGINE SECTION 489 LBS 

ENGINES 

ENGINE INSTALLATION 

EXHAUST (-02) (WE) 
(.02) (2200) = 44 

LUBRICATION SYSTEM 

FUEL SYSTEM 

w~~ = w~ 

- Weight of Fuel System w~~ - 
C = Pounds of Fuel System = -069 

Pounds of Fuel 

WF = Fuel Weight = 7007 LBS 

2200 LBS 

181 LBS 

483 LBS 



DRIVE SYSTEM (REF.-WEIGHT TREND CURVE, FIGURE 3.25 ) 6804 LBS 

WDs = 250 (KD)  0.67  

WHERE : 

WDS = Weight of  Drive System 

PX = Drive System Power = 14,323 HP 

NR = Rotor RPM = 201 

Z = Number of  S tages  i n  Main Dr ive  
System = 5 

KT = Conf igura t ion  F a c t o r ,  Tzndem = 1.3  

FLIGHT CONTROLS (FLY-BY-WIRE) 2263 LBS 

COCKPIT CONTROLS 

WHERE : 

WCC = Weight of  Cockpit  C o n t r o l s  

Wg = Design Gross Weight = 67,175 LBS 

Reduction f o r  Fly-By- 
Wire = . 2 9  X 111 = -32 - 
TOTAL COCKPIT CONTROLS = 7 9  LBS 



ROTOR CONTROLS (POWER ACTUATORS THROUGH PITCH LINKS)  - 

i 

WHERE : 

'RC = Weight of R o t o r  C o n t r o l s  

C = B l a d e  C h o r d  = 2 . 6 8  F T  

R = R o t o r  R a d i u s  = 3 4 . 4 5  F T  

WB 
= Weight of B l a d e s  P e r  R o t o r  = 1 9 0 6  LBS 

r I -l 

= 1 2 1 9  LBS 

SYSTEM CONTROLS (FRGM COCKPIT TO POWER ACTUATORS) 

%c = 0*84  

SAS - 

WHERE : 

WSC = Weight of S y s t e m  C o n t r o l s  

WR = Weight of R o t o r s  = 6 6 4 6  

R e d u c t i o n  for  F l y -  
BY-wire = 0 . 2  x ioig = - - 2 0 4  

815 LBS 

TOTAL FLIGHT CONTROLS 

COCKPIT = 74 LBS 
ROTOR = 1 2 1 9  LBS 
SYSTEM = 815 LBS 
SAS = 150 LBS - 

2 2 6 3  

FIXED EQUIPMENT (REF. TABLE 3 . 1 4  ) 

1 5 0  LBS 

1 1 , 8 4 1  LBS 



BOElNG VERTOL COMPANY WEIGHT SUMMARY PRELIMINARY DESlCN 
,MI L - S T 0 . I  1 7 1 1  

- 
ROTOR 

I SURFACES 

I ROTOR 

- 

9 ASIC 

SECONDARY 

AL IGHTING G E A R  GROUP 

ENGINE SECTION 

COOLING 

CONTROLS * 

I F U E L  

- . -  - 
F L I G H T  CONTROLS 

A L X .  POWER P L A N T  

INSTRUMENTS 

HVOR. h P N E U M A T I C  - 
E L E C T R I C A L  GROUP 

AVIONICS GROUP 

ARMAMENT GROUP 

FURN. h EQUIP.  GROUP 

ACCOM. F O R  PERSON. 

I MISC. EQUIPMENT 

I FURNISHINGS 

EMERG. EQUIPMENT 

AIR CONDITIONING 

ANTI - IC ING GROUP 

L O A D  AND H A N D L I N G  GP. - 

CREW 

(L 1 T R A P P E D  L I Q U I D S  

ENGINE O I L  - -- 



DESIGN POINT TILT ROTOR WEIGHT SUBSTANTIATION 

WING (REF.-WEIGHT TREND CURVE, FIGURE 3.26) - 
W = 291.6 ( K ) ~ * ~ ~ ~  

43.10 Lbs. 

WHERE : 

$ = Weight of Wing 

% = Relief Term - Assume Design Lift Is On 
Wing Tip (100% Span ) = 0.6 

WmJ = Gross Weight Less Items at Center of Lift = 

55,390 Lbs. 

GROSS WEIGHT 

ROTORS 

WING 

ENGINE SECTION 

PROPULSION 

ROTOR CONTROLS 

TILT MECHANISM 

FUEL 

TRAPPED LIQUIDS 

OIL 

TOTAL % 

% = Planfom Wing Area = 747.5 ~ t . ~  

b = Wing Span, = 73.1 Ft. 

B = Maximum Fuselage Width = 14.8 Ft. 

A = Wing Taper Ratio = 1.0 



K, = Wing Root Thickness ,  % Chord = .21 

N = Ul t ima te  Load F a c t o r  = 3.75 

VD = Dive V e l o c i t y  = 360 Knots 

AR = Aspect  Ratio - 7.14 

Add: Wing-Pod Attachments  

.036 (Pod Weight) 

,036 (20,136) = + 747 
Reduce f o r  Composites 5852 
0.302 (5105) s -1542 m 

ROTORS (REF. -WEIGHT TREND CURVE, FIC'dRE 3 22 ) 5216 US. 

)= 1.0 OR GREATER 
b d t  , 

WHERE : 

WR = Weight Of One Rotor  

r f Cente r  L ine  o f  R o t a t i o n  To Blade Attcchment 

P o i n t  = 2.11 F t .  

HPr = Horsepower (Xmsn L imi t  P e r  Rotor) = 



continued 

VTL = Design Limit Tip Speed = 775 X 1.1 = 852.5 
FT/SEC 

R = Rotor ~adius = 28.15 FT 

b = Number of Blades Per Rotor = 3 

C = Rkde Chord = 2.65 FT 

Kd = Droop Constant = 1000 

t = Blade Thickness = .12 (2.65) = -318 

HORI7QNTAL TAIL (REF.-WEIGHT TREND CURVE, FIGURE 3.27) 754 LBS - 
WHT = 350 (K) 0.54 

Log VD 
= ( F ~ )  6) ( Tmxt) 

F~ 

WHERE : 

WHT = Weight af Horizontal Tail 

SH = Tail Plan Prea = 261.7 F T ~  

VD = Dive Velocity = 350 KNOTS 

Tm = Tail Moment Arm = 46.8 FT 



continued 

4 
t = Root Thickness = 1.02 FT 

Wg = Deeign Gross Weight = 74, 149 LBS 

K~ = Pitch Radius of Gyration = 16.65 FT (bigure 3.31) 

bH = Tail Span = 35.0 FT 

h = Taper Ratio = -471 

KTL= Tail Load Factor = 1.0 

Reduction for 
Composite .302 X 
1080 = -326 - 
HORIZONTAL TAIL 
WJIGHT = 754 

VERTICAL TAIL (REF.-WEIGHT TREND CURVE, FIGURE 3-20) 673 LBS 



I 

. Select appropriate value for k from 
above. Include decimal only 02 weight 
input sheet. 

LENGTH OF FUSELAGE, L - FEET 

F I G U E  3 . 3 1 .  RADIUS OF GYRATION TREND - PITCH. 



continued 

WHERE : 

WVT = Weight of Vertical Tail 

a = Height of Horizontal Tail Above 
Root Chord = 17.6 FT 

bV = Tail Span = 17.6 FT 

SV = Tail Area =221.9 F T ~  

VD = Dive Velocity = 360 KNOTS 

Tm = Tail Moment Arm = 38.6 FT 

t = Root Thickness = 1.74 FT 

wg 
= Design Gross Weight = 74,149 LBS 

K~ = Yaw Radius of Gyration = 25.9 FT (Figure 3.32) 

A = Taper Ratio = 0.447 

Reduction for Compo- 
site .302 X 964 =-291 - 
VERTICAL TAIL WEIGHT= 673 



1 : ;  NOTES: 1 .  S e l e c t  appropriate value f o r  k, from , . . .- above. Include decimal only on ++ 
. , :  s 

weight input sheet. 
: ! ; *  2. Mass moments of iner t i a=  W (k,) 2 - 

a i 1 , ' a  

.-. --..- - .  
LENGTH, e - FEET 

FIGURE 3.32 . RADIUS OF GYRATION TREND - YAW. 



BODY (REF.-WEIGHT TREND CURVE, FIGURE 3.23) - 8509 LBS 

WB = 126.0  (K) 0.508 

WHERE: 

w~ = Weigh t  of Body 

'XB =: Weigh t  of F u s e l a g e  and C o n t e n t s  = 46,900 LBS 

GROSS WEIGHT 74,749 LBS 

LESS 

ROTC RS 
WI NG 

ENGTNE SECTION 
PROPULSIOiJ 

ROROR CONTROLS 
TILT MECHANISM 

FUEL 
TRAPPED LIQUIDS 

OIL 

TOTAL W =46,900 LBS 

Sf = Wetted Area = 346.4 F T ~  

B = Body Width = 14.8  FT 

Lf = L e n g t h  o f  F u s e l a g e  = 92.5 FT 

L~~ = L e n g t h  of Ramp Well = 0 FT 

VD = Dive V e l o c i t y  = 360 KNOTS 

A = L i m i t  D i f f e r e n t i a l  C a b i n  P r e s s u r e  = 3.13 PSI 
P 

N = Ultimate Load F a c t o r  = 3.75 



continued 

Reduce f o r  Composite 
.302 X 11616 = -3,509 

Add A i r  S t a i r s  (1) +400 

8,509 

LANDING GEAR (4% DESIGN GROSS WEIGHT) 

0 .04(74,749)  = 2,990 

ENGINE SECTION (52% ENGINE WEIGHT) 

0.52 (2611) = 1 ,358  

Reduce f o r  Composite 
.302 (1358) = -410 

ENGINE SECTION WEIGHT = 948 LBS 

ENGINES 

ENGINE INSTALLATION (31% ENGINE WEIGHT) 

(0.31) (2611) = 809 

FUEL SYSTEM (4.9% FUEL) 

2,990 LBS 

948 LBS 

2,611 LBS 

809 LBS 

219 LBS 



DRIVE SYSTEM (REF.-WEIGHT TREND CURVE, FIGURE 3 025 ) 6,836 LBS 

= 265.5 (K) 0.67 'DS 
HPX1.l 

WHERE : 

WDS = Weight of Drive System 

HP = Total Horsepower = 16,579 

RPM = Rotor Design RPM = 262.9 

2 = Number of Stages in Main Drive = 4 

KT = Configuration Factor = 1.3 
I \ 

FLIGHT CONTROLS (FLY-BY-WIRE) 

Cockpit 

wcc 

WHERE : 

= Weight of Cockpit Controls 

'CJ 
= Design Gross Weight = 74,749 LBS 

Reduce for Fly-By- 
Wire 0.29 (152) = -44 - 
TOTAL COCKPIT CONTROLS= 108 

4,053 LBS 



continued 

Rotor Con t ro l s  

WRc = 0.30 (WRl 

WIiERE : 

WRC = Weight of  Rotor Cont ro l s  

WR = Weight of Rotor = 5,246 

WRc = 0.30 (5246) 

System Cont ro l s  

WHERE : 

WSC = W e  i g h t  of System Contro 

WR = Weight of  Rotor = 5,246 

1s 

LBS 

Reduce f o r  Fly-By- 
Wire 0.20 X 114.1 = -228 - 
TOTAL SYSTEM CONTROLS= 913 

Airplane Cont ro l s  

WAC = 0.011 tWg) 

WHERE : 

LBS 

WAC = Weight of Airp lane  Cont ro l  System 

Wg = Design Gross Weight = 74,749 LBS 



continued 

Reduce for Fly-By- 
Wire 0.2 (822) =-164 - 

TOTAL AIRPLANE CONTROLS = 658 

SAS - Estimated Weight = 150 LBS - 
Tilt Mechanism 

WHERE : 

WTM = Weight of POD Tilting Mechanism 

Wg = Design Gross Weight = 74.749 LBS 

Reduce for Fly-By- 
Wire 0.13 (747) = - -97 

TOTAL TILT MECHANISM 650 

SUMMARY OF FLIGHT CONTROLS WEIGHT 

COCKPIT a 10 8 
ROTOR = 1,574 
SYSTEM = - 913 
A1 RPLANE - 658 
SAS = 150 
TILT MECH. = 650 - 
TOTAL 4,053 

FIXED EQUIPMENT (Ref. - Table 3.15) 12,348 LBS 



3.3 Noise 

The predfdtiom of a i r c r a f t  e x t e r i o r  perceived no i ra  l e v e l s  

was based on r o t o r  noise  pred ic t ion  methodology which has 

been under development, a t  Boeing Vertol ,  over t h e  pas t  

s eve ra l  years.  The underlying approach is derived from t h a t  

developed by Ollerhead and Lowson and reported i n  USAAMR-DL 

TR68-60. The procedure, which s t a r t s  with a i r l o a d  d i s t r i -  

but ions  i n  t he  r o t a t i n g  system and c a l c u l a t e s  sound press-  

u re s  a t  any po in t  i n  t he  s t a t i o n a r y  system, is mathematic- 

a l l y  r igorous but  i s  l imi ted  by the  accuracy of  t he  assumed 

a i r l oads .  Since many a i r l o a d  harmonics a r e  required t o  

c a l c u l a t e  one sound harmonic, and s ince  many sound harmonics 

a r e  required t o  def ine  an  a c o u s t i c a l  spectrum, d e f i n i t i o n  

of higher frequency a i r l o a d s  than a r e  a n a l y t i c a l l y  der ivab le  

i s  required.  A s  a r e s u l t  t he  b a s i s  f o r  r o t o r  no ise  input  

i s  experimental data . 
Boeing Vertol  has been expending considerable e f f o r t  through 

Government and Company funded research programs i n  order  t o  

e s t a b l i s h  a r e l i a b l e  bas i s  fo r  ca l cu l a t i ng  r o t o r  noise.  

~ w o  approaches have been taken, t he  f i r s t  involves assuming 

a i r l o a d s  and ca l cu l a t i ng  noise f o r  comparison with  sound 

pressure  da ta ,  the  second approach u t i l i z e s  measured a i r -  

loads and uses these  a s  a n a l y t i c a l  input .  



Work done with he l i cop te r  ro to r s  us ing assumed a i r l oada  

a s  input  i s  i l l u s t r a t e d  i n  Figure 3.33 which compares 

p red ic t ions  using the  Lowson-Ollerhead Program (Heron 11) 

with a revised program (mTNO) which, among o t h e r  changes 

revised the  "harmonic loading law" and r e su l t ed  i n  b e t t e r  

co r r e l a t i on  wi th  test da ta .  

Since tilt r o t o r s  employ g r e a t e r  b lade t w i s t  which moves 

the  peak pressures  f u r t h e r  inboard, and s ince  t h e  t i l t i n g  

r o t o r  has g r e a t e r  v a r i a b i l i t y  i n  inflow d i r ec t ion ,  f u r t h e r  

modifications t o  t he  program a r e  required. An i n i t i a l  

s tudy e n t i t l e d  "Optimal Noise Reduction Tra j ec to r i e s  f o r  

T i  1 t Rotor Aircxaf t "  (NAS2-502 5) considered loading law 

va r i a t i ons  due t o  nace l l e  pos i t i on ,  and proximity between 

r o t o r  blades and t i p  v o r t i c e s  shed by o the r  blades i n  t he  

system. 

Corre la t ion  of measured pressures  and acous t i ca l  data  on 

an 8-foot diameter model blade,  performed under Contract  

NAS 2-5473, i s  shown i n  Figure 3.34. This work was used 

t o  r e f i n e  sound pressure  pred ic t ions  f o r  t i l t  r o t o r  a i r -  

cra f t  . 
With respect  t o  broadband (sometimes ca l l ed  Vortex) noise  

t he  s ta te -of - the-a r t  of p red i c t i on  i s  even less e s t a b l i s h -  

ed. To da t e  no fundamental de r iva t ion  based on a v e r i f i e d  



CH-47 ROTOR ON TaWER 

ROTOR TID SPEED = 700 FPS 
T = 17,700 LB 

m 
NOISE HARMONIC NUMBER -mB 

FIGURE 3.33.  COMPARISON OF ROTATIONAL NOISE PREDICTION METHODS. 





method of  noise  generation has been developed al though 

seve ra l  empir ical  f s m u l a s  e x i s t  i n  t he  l i t e r a t u r e .  Of 

these ,  Boeing Vertol  has found t h a t  t he  method of  

Schlegel ,  King and Mull (U.S. AAVLABS Report TR 66-4) 

appears t o  follow t rends  a s  w e l l  a s  any a v a i l a b l e  pro- 

cedure, but  is general ly  low wi th  respec t  to  abso lu te  

value. Therefore the broadband noise  p red ic t i on  is  based 

on the  above method with  5 db added a t  a l l  frequencies.  

This assumption is t h e  same a s  t h a t  a r r ived  a t  independent- 

l y  by Ollerhead and Lowson and discussed i n  t h e i r  repor t  

TR 68-60 previously mentioned. 

Boeing Vertol  a l s o  has an opera t iona l  computer program 

which uses f l i g h t  t r a j e c t o r y  and opera t ing  parameters 

(e.g. t h r u s t ,  t i p  speed, etc.) t o  p r e d i c t  1/3 octave 

spectra  a t  spec i f i ed  ground locat ions .  This  method was 

used t o  p red ic t  t h e  perceived noise  l e v e l  t i m e  h i s t o r i e s  

given i n  Volume 1. 
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3 4 FLYING QUALITIES 

3.4.1 Tandem Rotor Helicopter Flying Q u a l i t i e s  

The s t a b i l i t y  and control  data f o r  the tandem hel icopter  was 

evaluated using t r i m  and s t a b i l i t y  computer programs developed 

and validated a t  Boeing Vertol. The fuselage and pylon con- 

t r ibut ion  t o  the der ivat ives  a re  obtained from wind tunnel da ta  

f o r  s imi lar  configurations. The computer program used to  ob- 

t a i n  the overa l l  a i r c r a f t  der ivat ives  is A-97 which determines 

both t r i m  conditions and the s t a b i l i t y  derivatives.  Derivatives 

f o r  hover and c ru i se  a t  extreme c.g. conditions f o r  a range of 

gross weights a re  presented i n  Tables3.25a through 3.25j. The 

non-dimensional form of the der ivat ive is discussed below. The 

s ign convention conforms t o  the s t a b i l i t y  axes rotat ion.  

To evaluate gust  response a CSMP program was wr i t t en  f o r  gust  

analysis  and the a i r c r a f t  response on a range of (1-cosine) 

gusts of varying length was determined. 

Derivative Units 

The X ,  Y,  and Z force der ivat ives  have been non-dimensionalized 

by mass, and the L; M ar.d N moment der ivat ives  have been non- 

dimensionali zed by i n e r t i a .  The derivat ives  a re  theref o re  ex- 

pressed i n  terns of l i n e a r  ( f t / sec2)  and angular (rad/sac2) 

accelerations per u n i t  perturbation. 

The u n i t  pert.:rbations a re  expressed i n  the  following un i t s  

U I  V I  w l i n e a r  ve loc i t i e s  f t / sec  

P I  qr r angular ve loc i t i e s  rad/sec 

6B, 6R,  6 =  control  inputs in .  . 
8 1  a angles rad 

314 



TABLE 3.2% . TANDEM HELICOPTER STABILITY DERIVATIVES : 
Gross Weight 
Ai tspeed 
C. G. 
Altitude 

43,000 fb 
0 Kt 
Mid 
S.L., 90°F 



- - 
PR9G A9760 JOB 5861 I 

I 

j r ST A 8 I L  1TY D E R I V A T I V E S  CUTPUT 

XOEL8 
XOE LS 
XOELR 

1.735602O-Ol 
-2 1856580-02 
- 1  1656330-01 

XDEl  TAC 
XBETA 
XALPHCI 

3.7989400-01 
1.5321900-02 
2.15882 10-02 

ZOELTAC 
ZBETA 
ZALFH4 

-8.3765670 00 
8.6559650-03 

-8,1507730-01 

YOELB 
YOELS 
Y OELG 

-407529540-02 
le128389D 00 
2 .SO63SbD-Ol 

YOEL T A C  
YDETA 
YSCPHJ 

5.1775470-02 
-1aOk65590 00 

4.3425500-03 

LDELB 
LOf LS 
COELR 

-2.8682330-02 
4o2422760-01 

- 2  mO99 1730-01 

FIDE LB 
NOELS 
NDCLR 

1 mY795050-02 
-1.6690949-O4 

1.4973670-3 1 

Gross Weight 
Airspeed 
CmG: 
A 1  ti tude 

4 



- I 
A 

aR9C A9740 308 6022 D210-10858-2 . 
~ S T ~ B I L I T Y  DERIVATIVES OUTPUT 

0 HA SS I X X  I YY 122  

XU XP XOEC6 X O E L T I C  - X V  XQ XOELS XBETA 
x w  XR xaELR XALPHA 

-1.5093690-02 7.3534460-01 1 1079100-0 1 3.69200 10-01 
4.304 l2ZD-O3 5 .  1331lYO-01 -9.Y335bSO-03 1.3700450-02 
8.5480490-03 -l.471253O-Ol -1o lb68660-01 2a7200280-02 

i 
ZDELB 
ZOE L S  
ZOELR 

9.5 827080-02 
-2.6230520-03 
-6.5316940-03 

MDELB 
'4 OE L S  
uOELQ 

1 .U769560-01 
-5 , '-1 136 190-06 

4.7552650-03 

ZDELTAC 
ZBET A 
ZALPHA 

-8.4405490 00 
la525'3140-03 

-8.1639750-01 

: I ,  YU Y P YOEL8 YOELTAC 
I j YV Y O  Y DELS YBETA 

YW YR YOELR YALPHP 
. , . , -4.45833 70-03 -9.9600240-01 -7.53d8310-03 4,1569320-02 

-3o19')5?40-01 7. 7223180-31 1.1 314060 00 -1*0184560 00 
8.227012U-04 -1.5050530-02 -8.0652960-02 2.6187390-03 

LCELB 
LUELS 
LCELR 

-2.0665330-02 
4.3715770-01 

-2 7322470-01 

r m m  
NOELS 
NOECR 

1 9 749300-02 
30 355523D-04  
l.52O396D-OL 

TABLE 3.250. TANDEM HELICOPTER STAB1 LITY DERIVATIVES 

Gross Weight 57,500 Lb 
Airsheed ( _ . i  - 0 Kt 
C.G. 

# 
Aft 

A 1  ti tude S . L . ,  90°F 

_- 

L D E L T  4C 
L B E T d  
LALPHA 

-8. 11 CB380-05 
-3.9025970-02 

1. 1298020-03 

NOELTAC 
NBETA 
NALPHA 

-7.0462580-03 
3.1947130-03 

-8.9459520-06 



I . .  
r STAgIL ITY  C E R I P A T I V E S  OUTPUT 

X O E L O  XOELTAC 
XDEL S XOETA 
X C E C R  

1 4832600-31  
-2.2654550-02 
-1 .3685770-01  

ZOELTAC 
ZDETA 
t AL PHA 

-7.3175650 00 
8e0170040-03  

-7.1425930-01 

Z C E L  B 
ZCELS 
ZCELR 

6.0799310-02 
-6.5327560-03 
- 2.7564060-02 

MOELtAC 
Mt3ETA 
MALPHA 

-1 .1572910-01  
4.1762530-C4 

-1 .2741150-02  

YOELB 
VCELS 
YDELR 

-4 .3753450-02  
l . lZ722OO 0 0  
2. ?Ce667O-Ol 

YDEL TAC 
YBETA 
Y 4L PtiA 

5.3 104780-02 
- 1 . 0 1 3 ~ 1 6 0  00 

3.4537240-03 

LCfLU 
L0F.t.S 
L  CEL R 

-2 .8S69140-32 
4.2S36960-01 

-2  2169670-01  

NDELTAC 
NSETA 
NALPHA - L.0415S5O-CZ 

1.050073C-02 
-1 1391700-C3 

TABLE 3.25d. TANDEM HELICOPTER STABILITY DERIVATIVES 

Gross Weight 
A i r s p e e d  
C.  G. 
Altitude 

4 

67,175 Lb 
0 K t  
Fwd 
S.L., 90°F 



PRCG A9740 JCO 6022 

LOELD 
Z O E L S  
L C E L R  

R e  01595 111-02 
- 3 .  SR76370-03 
-1. t 5 5 5 2 Y D - 0 2  

TABLE 3.2- TANDEM HELICOPTER STABILITY DERIVATIVES 

Gross Weight 
A i  r~peed 
C.G. 
A 1  ti tude 

67,175 Lb 
0 Kt 
A f t  
SoL*, 90°F 

XOELTAC 
XRETA 
XAL PHA 

3.2490140-03 
1 5964360-02 
2.2908 730-C2 

ZOELTAC 
Z ~ E T A  
ZALPHA 

-7.3512630 00 
4.9913710-C3 

-7 .1523170-01  

MOEL TAC 
MBF T A  
MALPHA 

-9.5586220-02 
-2.2931080-04 
- 9 .368  1660-93  

YOELTAC 
YUETA 
Y AL PHA 

4 .2753810-02  
-1.0130260 03 

2.802 1440-33  

LDECTAC 
LOETA 
LALPHA 

3 .7854310-03  
-5.1586330-02 

1 .7986340-03  

NOELTAC 
N H E t A  
NALQHA 

-8.8630670-03 
6.3696420-03 

-1.301 1170-03  



YL VP Y C E L R  YIEL TAC 
V V Y!l V C E L S  Y JETA 
Y\; L H Y C F L 2  Y ALPt14 

-1 .736t?5SC-03  - 2 . 3 + 4 4 7 7 0 - 0 1  -4.44C42t!f!-dL - 2 .  J%57?O-Cl 
- 1  . $ ! 3 3  7StD-Cl  4 . h + 5 G S S D - i l  L e o 3 4 7 1 5 0  0 0  - 5 0 2 b 5 3 9 3 0  C l  
- 5  .?410P2C-O3 - 9  ,3+l4bl2D-C2 1 . 5 8 5 5 2 5 0 - 3 1  - L m 7 ~ 5 8 6 6 D  00 

TABLE 3.2Sf . TANDEM HELICOPTER STABILITY DERIVATIVES 
Gross Weisht - 
Airspeed 
C . G .  

# 
A 1  ti tude 

43,000 Lb 
170 Kt 
Mid 
5000' ,  STD 



I V Y  IZZ 
1. 121000D C 6  I 

I 
1 

XDEL TAC 
Xl iETA 

I 
I 

XAL PtlA I 

! 
6 .  61838SD-C1 I 

2 ~ ~ 1 9 6 1 3 0 ~ 0 1  
1e2381010 C 1  

ZOELTAC 

Y Y  'VCELB YDELT4C 
Y LI Y C E L S  Y Y E T A  
YR t CELR ~ w w a  

-Fm92739k0-51 - 8 * 7 ? C 2 2 9 G - 9 2  -3.0331050-C1 
6*6t 57%P-()l  1.C078640 10 -3 *5179460  01 

- 1  .kF P 5 6 l U - C l  2.570827C-O 1 -2.6513510 CO 

TABLE 3.259. TANDEM HELICOPTER STABILITY DERIVATIVES 

, I Gross Weight 57,500 Lb 
Airspeed 160 K t  

i - C.G: F W ~  
Altitude 5000 ' .  STD 



cOG 49740 JOB 5948 

"STAB! t l T Y  CEP I V A T I V E S .  OUTPUT 

HASS t X  X 
1.7871560 03 9*5000000 04 

I C 

XU XP . . X V  XQ 
XDELO 
XflEd S 
XOELR 

6.4 764820-92 
-4.8529200-03 - 1.6448190-01 

MDEt TAC 
MBETA 
MALPHA 

-5.4088670-02 
-4.1971660-02 
-2*72669IO-01 

YOELTAC 
YBETA 
YACPHA 

-2 2269690-01 
-3.593UZLO 01 
-1.4193120 00 

LOELS 
LDELS 
C CEL R 

l.493ZL3O-O2 
4.1062LOD-01 

-2.3715750-01 

LOELTAC 
LBETA 
L AL PHI\  

-94 70001 10-02 
-4 -5836830 00 
-54892209041 

NOEL TAC 
NBET A 
N I L  ?HA 

-1. lZ40110-02 
4.0664830-01 

-9 0656000-02 

TABLE 3.2- . TANDEM HELICOPTER STABILITY DERX VATIVES 

Gross Weight 
A i r s p e e d  
C.G. 
A 1  ti tude 

57,500 Lb 
1 6 0  Kt 
A f t  
S O O O ' ,  STD 



r S T A B l L I T V  D E R I V A T I V E S  OUTPUT 

XP ROE1 R XOEC T AC 
XO XOEL S #BET A 
X R XCECR X 4L P H I  

2.01 f993D-01 -1.3923910-02 2.5164470-01 
2.1611390 JO -1.6525130-02 5.3499830-01 
60 l6OO9lO-C2 -1.7364l.60-01 6.6223830 00 

POELR 
MOELS 
CCELR 

2.591844n-01 
-6.4060630-03 
1*0339600-02 

MOEL f AC 
MBE t A 
HALPHA 

-leZ26163O-Gl 
1e8575S60-02 

-1.1155930 00 

YOEL6 
VCELS 
VOELR - 0.5 388040-02 

1.01h0580 00 
2.62C571FO-01 

YOELTAC 
YBETA 
YALPHA 

-2.8646630-01 
- 2  7728 360 01 
-2*2866270 00 

L C E C B  
CCELS 
LCELR 

2.8122730-03 
6. ClS13RO-31 

- 1  00743720-01 

LOELTAC 
LBET A 
LALPHA 

-9.9258550-02 
-400876830 00 
-5.1374620-01 

TABLE 3.251. TANDEM HELICOPTER STAB1 LITY DERIVATIVES 

G r o s s  Weight 67,175 Lb 
150 Kt 
Fwd 
5 0 0 0 ' r  8TD 

- 
A f  rspeed 
C.G: 

d 
A i t i  tude 



:PRflG 4S743 JCO 5 9 4 8  . 
r S T A B I L  I T Y  C F R  [ V A T  I V E S  OUTPUT 

P A S S  I X X  1 Y Y  
?eORfBbtDO? 1.C500000 05 1 .2C1000006  

ZDELTAC 
ZBETA 
ZALPHA 

-9.6442 280 00 
3.2575330 00 

-1  3094540 02 

MOELtAC 
MBETA 
MALPHA 

-7.3691 160-02 
-5.1674730-02 
- 4 . 9 0 3  7500-Cl 

Y DEL TAC 
YOFT A 
Y AL PHA 

-20 4fl39990-01 
-2.7M36890 C1 
-1,9180910 00 

LDECTAC 
LBFTA 
LALPHA 

- 9 . 2 0 0 4 0 5 0 - C 2  
-4.200835D C O  
-4.9834670-01 

NDEL T AC 
NRETA 
NALPHA 

-1 3776020-02 
4.2130510-01 

-1,7493950-C1 

TABLE 3.259 . TANDEM HELICOPTER STABILITY DERIVATIVES 

Gross Weight 6 7 , 1 7 5  Lb 
150 K t  
A f t  
50011', STD 

- 
A i r s p e e d  
C . G .  
A 1  ti tude 



3.4 .2  T i l t  Rotor Flying Q u a l i t i e s  

The s t a b i l i t y  and control  data presented i n  volume 1 f o r  t h e  

tilt rotor  a i r c r a f t  a re  based upon calculated a i r c r a f t  deriva- 

t ive  data.  The contribution of the airframe t o  the  der ivat ives  

has been estimated using DATCOM and the R .Ae. S. da ta  sheets .  

Thc rotor  contributions are  based upon scaled M-222 t e a t  data  

and calculated data t o  extrapolate  t e s t  experience, The c m -  

putar programs used i n  t h i s  extrapolation a re  D - 8 8  and C-41. 

The longitudinal der ivat ives  f o r  the design poin t  a i r c r a f t  a re  

given i n  Table 3.26 and include the e f f e c t  of wing-rotor in- 

terference.  

The rotor  data  ased i n  calculat ion of yaw and yaw r a t e  deriva- 

t ives  are  shown i n  Tables 3.28 t o  3.33 the ai rp lane  l a t e r a l  deriva- 

t ive  data is given i n  Tables 3.34 t o  3.36. 



ALT = 0 
G.W. 274,750 
C . G .  @ 25% 

v - CL 
(par &g) 

140 

180 

220 

260 

30 0 

340 

380 

C.G. @ 34% 

140 

180 

220 

260 

300 

34 0 

380 

G.W. = 60,900 
C . G .  C 10% 

TABLE 3 26 LONGITUDINAL DERCVATIVES AS FUNCTION OF ALTITUDE 
G R O S W I G H T ,  ANC C.G. LOCATION 



ALT = 1 4 0 0 0 '  
G.W. = 74,750 

G.W. = 60 ,000  
C.G. @ 1 0 %  

;i ~ , . f )  

, i 
TABLE 3 - 2 6 .  LONGITUDINAL DERIVATIVES AS FUNCTION OF ALTITUDE, 

L 
.r GROSS HEIGHT, AND C . G .  LOCATION (Continued) 

J . I .  
. 'L ..,-- 

A E 3: 7 
i 
' 8  
! k 

r 



S e a  L e v e l  
V - 

140 

180 

2 2 0 

260 

30 0 

340 

380 

1985 T/R VTOL C . T .  

R o t o r  ( i n c l u d e s  circulation effects) 

A i r f r a m e  R o t o r  O f f  

'L~WBN c ~ c 1 2  

TABLE 3.27 . BASELINE TILT ROTOR LONGITUDINAL 
DERIVATIVES 



Cnr Rotors On 

TABLE 3 - 2 8  Cn, DERIVATIVES 

Ce, Rotors On 

TABLE 3 . 2 9 .  CL, DERIVATIVES ( RADIAN MEASURE ) 



C,,, Rotors On 

TABLE 3 -  30. Cyr DERIVATIVES (RADIAN MEASURE) 

C, Rotors On - 

140 -.a026 - .4072 
180 -. 3611 -. 3611 
220 -. 3146 -. 3116 
2 6 0 -.2633 - .2582 
300 - .2212 - .2047 
3 4 0 - ,1893 - .I820 
380 -. 1640 -. 1562 

TABLE 3.31. Cnp DERIVATIVES 

- .3544 -.5100 -.4337 

-. 3293 - .4334 -. 3845 
-.2904 - .3673 - .3316 
- .2432 - .3032 - .2748 
-.2035 - .2524 - .2284 
- .1734 -.?I44 - .I936 
-. 1495 - .I847 - .I662 

(RADIAN MEASURE) 



QP 
Rotors On 

TABLE 3.32. Cpp DERIVATIVES (RADIAN MEASUFG) 

Cy Rotors On 
D 

140 

180 

220 

260 

30 0 

340 

380 

TABLE 

.2882 .2882 

.0722 .0722 

-.0605 -.0605 

-.1503 -.I503 

-. 2095 - .2095 
-. 2426 -. 2426 
- .2645 - .2045 

3.33. C DERIVATIVES 
YP 

.2514 .36 34 

.OSOO .I116 

-.0753 - .0417 
-.I608 -.I438 

-.2173 - .2111 
-.2487 - ,2490 
-.2693 - .2744 

(RADIAN MEASURE) 



Cn R o t o r s  On 

TABLE 3.34. Cng DERIVATIVES (PER DEGREE) 

C a R  R o t o r s  O n  

140 -.00482 -.00460 -.00476 -.00454 

180 -.00381 -.00342 -.00371 -.00357 

220 -.00310 -.--3-4 -.00298 -.00290 

260 -.00249 -.00245 -.00237 -.00227 

30 0 -.00221 -.00219 -.00210 - .00201 
340 - .00204 -.00204 -.00195 -.00186 

380 -.00198 -.00199 - .00190 - .00180 
TABLE 3.35. Gag DERIVATIVES (PER DEGREE) 



Cy Rotors On 

TABLE 3 - 3 6 ,  C y s  DERIVATIVES [PER DEGREE) 



3.4.3 T i l t  Rotor 
. . 

A. GUS* SENSITIVITY REDUCTION BY D I R ~ C T  LIFT CO-ROL 

A .  1 BACKGROUND 

The one hundred passenger tilt r o t o r  VTOL t r anspor t  is t o  

be evaluated aga ins t  t he  gus t  s e n s i t i v i t y  c r i t e r i a  which 

requi res  t h a t  the  incremental normal acce l e ra t i on  f a c t o r  

pe r  feet per  second of v e r t i c a l  gust  should not  exceed a 

value of .018 a t  19,000 f e e t ,  growing i n  approximately 

l i n e a r  manner t o  an al lowable An/uDE of .037 a t  30,000 f e e t .  

I t  was recognized i n  t he  s tudy guidel ines  t h a t  un less  

s p e c i a l  measures were taken a tilt r c t o r  t r anspor t  would 

probably have aerodynamic c h a r a c t e r i s t i c s  which tended t o  

produce gust  s e n s i t i v i t i e s  above these  c r i t e r i a .  Since 

the  tilt r o t o r  t r anspor t  w i l l  opera te  a t  r e l a t i v e l y  lower 

a l t i t u d e s  and the re fo re  i n  a more severe  turbulence en- 

vironment then most o the r  types of paspenger carrying a i r -  

c r a f t ,  a gus t  a l l e v i a t i o n  system based on d i r e c t  l i f t  

con t ro l  i s  probably an e s s e n t i a l  f ea tu re  f o r  passenger 

acceptance. 

A.  2 BASIC CHARACTE RISTTCS 

Evaluation of t he  sub jec t  designs (Figure I)  a t  10,000 f e e t  

and a t  14,000 f e e t ,  the  optimal c r u i s e  a l t i t u d e  ind i ca t e s  

t h a t  the  c r i t e r i o n  is  exceeded even a t  maximum operat ing 

gross  weight, while values of A , / u ~ ~  g r e a t e r  than 0.05 a r e  

a t t a i n e d  a t  t he  most l i k e l y  minimum operat ing gross  weight 
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(minimum fuel, ten passengers) . These are conservative 

results obtained using FAR 2 5-341 which addresses limit 

load gust conditions rather than ride quality evaluations. 

A preliminary study has been made of the requirements of 

flap and spoiler operation to reduce gust sensitivity to 

the criterion levels. The study indicates that this may 

be accomplished with no significant weight penalty since 

the flap and spoiler excursions estimated for this purpose 

fall well inside the range envisioned for roll control. 

A. 3 APPROACH TO GUST ALLEVIATION 

The conclusions in the study are based on the formulae 

given in the Federa 1- Aviation Regulations, Volume 111, 

Part 25, Paragraph 25-341 and on MIL-F-8785B (ASG) . The 
normal acceleration produced by a gust increases with the 

aircraft lift curve slope and reduces with wing loading. 

Since wing loading is fixed by other considerations in the 

design point aircraft, lift curve slope is rhe parameter 

which must be modified to control gust sensitivity. This 

may be accomplished by the application of flap or spoiler 

in proportion to change in angle of attack caused by the 

gust. The system required to do this is defined by: 

(a) Gain: Ratio of flap or sipoiler applied per unit 

* Change in angle of attack caused by a gust. 

(b) Authority: What level of gust will the system be 

designed to handle? 



(c)  Rotor o r  Frequency Response: How f a s t  does the -- 

system need t o  a c t ?  - 
These parameters have been evaluated f o r  c r i t i c a l  condi t ions  

of a i r c r a f t  weight and a l t i t u d e ,  and conservat ive  assump- 

t i o n s  have been made a t  each s tage .  Gains have been 

Assuming the  presence of a system which app l i e s  f l a p  o r  s p o i l e r  

i n  proport ion t o  a i r c r a f t  angle of a t t a c k ,  f l a p  o r  s p o i l e r  

~ C L  cont r ibu t ions  t o  ne t  - i s  given by 
da 

se l ec t ed  on the  bas i s  of t he  FAR formulae while gus t  

i n t e n s i t y  and wavelength is based on MIL-F-8785 B (ASG) 

Gain: - 
~t a minimun operat ing gross  weight of 55,726 pounds a t  

10,000 f e e t  and a maximum c r u i s e  speed of  296.5 knots EAS a 

ne t  l i f t  curve s lope  of  .05 pe r  degree is required t o  re- 

duce An/UDE t o  a value of .Ol8. This i s  a reduction of 

.116/degree t o  be provided by geared s p o i l e r  o r  f l a p  oper- 

a t i on .  The f l a p  and s p o i l e r  l i f t  curve s lope  charac te r -  

~ C L  i s t i c s  a r e  - .025 and .014 per  degree respec t ive ly .  
~ B F  

Thus the  required gains  a r e  

- .116 = 4.64 degrees per  degree of gus t  induced - GFLAP - .-. 
.025  angle of a t t a c k  



- - 

and GSPOILER = .116 = 8.03 degrees per degree of guatinduced 
.014 angle of attack 

At higher values of gross weight these gains will result in 

values of %/ude substantially smaller than .013. It should 

be noted that the FAR 25, Paragraph 25.341 formulae are for 

structural type gust frequencies so that better performance 

may also be expected when typical turbulence spectra are 

associated with these gains. 

Authority: 

Makinq the conservative assumption that there is no reduction 

in incremental angle of attack when the direct lift control 

is working, the flap or spoiler angle demanded is 

= G. UDE radians. - 

In the case being discussed VTAS = 586 feet per second so that 

B~ = 4.62 X ODE X 57.3 degrees 

581 

and 



Discrete - Gust Representation 

Following MIL F-8785B(ASG) it was estimated that Dryden scale I ,a 

random turbulance may be rim resented by discrete gust 

intensities in the range 10-15 feet per second at frequencies 

in the range of the short period mode. Such gust levels require 

authorities of 

B~~~~ = 4.55 to 6.8 degrees 

'SPOILER = 7.9 to 12 degrees 

which are substantially less than the 20 degrees of flap and 

45 degrees of spoiler provided for roll control. 

Rate - of Operation 
A gust tuned to the highest frequency short period has a 

length of approximately 255 feet. Assilming a (1-cosine) 

wave form a 15 FT/SEC gust produces n maximum rate of change 

of angle of attack of 10.6 degrees per second. Hence maximum 

rate of application of flap and spoiler required are 

'SPOILER = 4.03 X 10.6 2 85 degrees /second 

Installed Control Power 

The controls of the one hufidred passenger transport are designed 

to meet a time constant requirement of 0.2 seconds. (Paragraph 

4.1.1.3 Study Guidelines). This requires average late8 of 

operation of flap and spoiler of at least 



%POILER .63 X 45 degrees/second = 142 degs/second 
. 2  

Thua the installed rates of operation are more than adequate to 

provide the maximum rates of operation demanded by a direct 

lift control system. 

Conclusions Regarding Direct Lift Control for Gust Sensitivity 

Reduction - 
It is concluded that the control applications required to 

reduce gust sensitivity to within the criteria values are 
- - . - - . - - 

available in the basic design and that the introduction of a 

DLC system would not incur significant structural load ar 

control power penalties. The only major additional system 

requirements and weight penalties would be those associated 

with gust sensing equipment and avionics for signal condition- 

ing and transmission of commands to the control surface 

actuators. This is estimated to be approximately 35 pounds. 



3.5 COSTING METHODOLOGY 

Flyaway Costs 

The airframe costs were calculated using factors of $90.00 
, 

and $110.00 per pound of airframe. The airfr~me weight was .-ifl 

., 

arrived at as follows: 

Tilt Rotor 

Airframe = Empty Weight - (Wp + WDR + WEN + WAV) 

Helicopter 

Airframe = Empty Weight - (WR + WDR + WEN + WAV) 

Where : 

Wp = Weight of Props 

'DR 
= Weight of Drive System 

WEN= Weight of Engines 

'AV = Weight of Avionics 

WR = Weight of Rotors 

It s'ould be noted that in the equations used for calcvlating 

airframe maintenance costs, which use airframe weight: the 

weight of the avionics systems was included in the airframe 

since the AIA methodology does not make provision for ca1.culating 

avionics maintenance cost as a separate item. 

Other major systems costs were calculated as shown below: 



Cost of Dynamic System 

Tilt Rotor = $80 (WDR + Wp) 

Helicopter = $80 (W,, + WR) 

Cost of Engines 

Tilt Rotor and Helicopter = EN($280HP 0.785) 

where: 

EN = Number of Engines 

HP = Static SHP at SL/STD for 1 engine 

Cost of Avionics 

Tilt Rotor or Helicopter = $250,000 

OPERATING COSTS 

Direct operating costs were developed using the Aerospace 

Industries  ass^ ia.-ion' s (AIA) 'Standard Method of Estimating 

Direct Operating Costs of Turbine Powered VTOL Transport 

Aircraftn dated 1968, modified as agreed on at the guideline 

review coordination meeting, as follows: 

Crew Costs 

$/FH = .067 Gross Weight + 134 
1000 

Engine Maintenance Costs 

Labor ($/FH) = 0.65 (AIA Costs) 

Material ($/FH) = 0.65 (AIA Ccsts! 



Maintenance Burden 

$/FH = 1.5 (DLAF + DLEN + DLDS) 

Where : 

DLAF = Direct Labor C o s t s  f o r  Airframe Maintenance 

DLEN = Direct Labor C o s t s  f o r  Engine Maintenance 

D L ~ ~  
= Direct Labor C o s t s  f o r  Dynamic System 

Maintenacce 

The s e l e c t e d  u t i l i z a t i o n s ,  2500 and 3500 f l i g h t  

hour s  p e r  y e a r ,  r ea sonab ly  cove r  t h e  v a l u e s  f o r  

t h e  tilt r o t o r  and tandem h e l i c o p t e r  f o r  150 t o  

200 n m i  ave rage  f l i g h t  d i s t a n c e s  a s  r e a d  from t h e  

A I A  u t i l i z a t i o n  cu rve ,  based on b lock  t i m e .  

The at tac?mcnt  t o  NASA Document FPV:237-2 of Appendix 1, 

Volume I1 l ist  o t h e r  f a c t o r s  used i n  c a l c u l a t i n g  t h e  d i r e c t  

o p e r a t i n g  c o s t s .  - 
Cost  - oi Avionics  

T i l t  Rotor  o r  H e l i c o p t e r  = $250,000 

The s e l e c t i o n s  o f  $90 t o  $110 pe r  pound f o r  a i r f r a m e  and $80 p e r  

pound f o r  dynamic system t o g e t h e r  cor respond t o  a r easonab le  

number of p roduc t ion  a i r c r a f t .  The a i r f r a m e  p r i c e  r ange  a l s o  

a l lows  f o r  u n c e r t a i n t y  i n  t h e  p roduc t ion  c o s t s  o f  advanced 

m a t e r i a l s  used i n  t h e  a i r f r a m e  des ign .  



3.6 DESIGN DETAILS 

i * I This section contains data on the various aircraft systems 

sufficient to estimate the aircraft size, weight and perform- 

ance. The systems requiring definition or configuration 

selection are drive system, rotor system, flight-control system 

and fuel system. Each of these aircraft systems are described 

in the following sections. 

TANDEM ROTOR HELICOPTER - PROPULSION SYSTEM SELECTION 
The propulsion system for the design point tandem helicopter 

was based upon detailed design studies and evaluations per- 

formed in the design of the HLH vehicle and reported in 

Reference 4 

The final system is a three engine configuration mounted at 

the rear of the fuselage. One engine is located in the rear 

pylon and the other two on each side of the rear pylon. All 

three engines drive into a combiner transmission box located 

at the base of the rear pylon directly over the baggage 

compartment. The combiner transmission drives two shafts - 
one forward to the forward rotor transmission and one aft 

up the rear pylon to the aft rotor transmission. A schematic 

of this layout is shown in Figure 3.35. 

In selecting a propulsion system configuration, there are 

four major areas to be examined: 

1) E~gine location 

2) Rotor - Rotor Shafting 
3) Engine - drive syste~us 
4) Number of el gines 

34 3 





Engine location was selected by considering a wide range of 

possible locations and using a process of elimination. 

Engines located within the primary fuselage structure were 

eliminated Decause of the complex fire walls required, 

difficult engine access and safety problems posed by engine 

failure modes. 

Engines located on the upper fuselage were rejected on crash- 

worthiness grounds. In a crash with inertia loads, primarily 

down and forward,engine masses might separate from their 

mounts and penetrate the pzssenger cabin. 

Aft engine mounting arrangements are far superior from a 

crashworthiness standpoint since their crash separation traject- 

ories have much less chmce of infringing on occupied areas 

and engine fires are as far removed from passengers and crew 

as possible. 

The engine location decision was based upon these considerations 

and, in addition, aft engine location minimizes engine noise 

and vibration in the passenger area. 

Rotor to Rotor Shafting and Engine Drive System 

Three different rotor to rotor shafting layouts were considered 

as shown schematically in Figure 3.36. 

The relative complexity of these systems was evaluated (without 

engine input gearing). Option C is superior (2gear boxes, 

30 gears\. This version, however, b:r)uld require either an 

integrally lubricated support bearing for the aft shaft or 

lubrication lines up the aft pylon. Option B is next least 
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complex (3 boxes, 30 gears), and Option A Last (3 boxes, 32 

gears). System weight was considered, giving Option A and B 

equal weight and Option C 5% heavier. Option A is best from a 

CG standpoint since it provides the most forward CG. A further 

advantage of Option A becomes apparent when the engines are 

added to the system; since engines could be coupled in using 

a short extension aft of the forward synchronizing shaft with- 

out adding a gear box. 

Options B and C require the introduction of engine gearing on 

the fo~ward side of the bevel pinion. 

Also, Option A allowed front drive engines to be mounted with- 

out overhanging the aft aircraft contour; Options B and C 

require an overhang. 

Option A also rates the highest from the point of view of 

airframe interface problems. The combiner gear box can be 

simply supported from existing structure. Options B and C 

need added structural support. 

Option A was selrscted as the best overall system combining low 

weight and best center of gravity with minimum additional gear 

box and support structure requirements. 

Engine Drive Arrangements and Number of Engines 

The engine drive arrangements for two, three and four engines 

are shown in Table 3-37. The preferred system is Option la (2 

engines) since it is the least comp:ex; however, the OEI 

I $j requirements for vehicle performance cause the installed power 

of the vehicle to increa~e as engine number decreases. This 



SYSTEM* C I N P I G U R A T I ~  IWT I 
1 

EVALUAT I 3N I NO. 
PiAITS 

4 

5 

6 

NO. 
;EARS 

'REFERRED 
:YSTEM: TWIN -ENGINE 

8 ZASIEST POWER- 
?LANT INSTALLA- 
FION OPTION l.A 

U N I M U M  AIRFRAME 
INTERFACE PROBLEMS 

SI.WLEST DRIVE 
SYSTEM 

SECOND-CHOICE 
SYSTEM: 

'OWERPLANT 
CNS TALLAT ION 
2OMPL I CATED BY 
XNTEK ENGINE INLET 

rwo MORE SPUR 
SEARS I N  DRIVE 
SYSTEM 

LEAST DESIRABLE 
SYSTEM: FOUR-ENGINE 

0 MOST COMPLEX 
ENGINE INSTALLA- 
TION 

THREE MORE 
GEARS I N  DRIVE 
SYSTEM 

* DRIVE SYSTEM AND ENGINE WEIGHT AT 
SAME TRANSMISSION RATING. 

TABLE 3 . 3 7 .  COMPARISON OF SELECTED ENGINE-DRIVE ARRANGEMENTS. 

FIGURE 3.37 
P 



effect has a large impact on gross weighi and installed power 

as shown in Figures 3.38 and 3.39 , but the incremental weight 

saved per engine decreases as engine number increases. Three 

engines were considered to be the best compromise resultins in 

the propulsion system selected for the design point tandem 

helicopter. This selection was made on the basis of minimum 

cost as sh~wn in Figure 3.40 . 
The three engines mounted aft drive directly into a combiner 

box as shown in the schematic of Figure 3.35 The combiner 

box drives two output shafts which in turn provide power input 

to the fore and aft rotor transmissions. The engines are 

rc~~berized versions of a Lycoming LTC4V-1 rated at a maximum 

power of 4820 horsepower per engine at sea level, standard day 

and operating at 16,000 RPM. The combiner box has an overall 

ratio of 1.6:l vith engine input gear critical mesh torques 

of 2,531 foot-pounds. 

Each rotor transmission has an overall ratio of 49.75:l 

and transmits a maximum of 7,953 horsepower to each rotor. 

This corresponds to a maximum output torque of 207,847 

foot-pounds. The overall transmission efficiency is 97%. 

Rotor System 

The rotor selected for the tandem helicopter is fully 

articulated and 68.9feet in diameter. The rotor solidity is 

0.099 and has a 12O twist. The des'qn tip speed is 720 feet. 

per second (l.e., RPM = 200.96). The rotors are four-bladed 

with fiberglass blades similar to the XCH-62 design. The 

blades incorporate a multiple load path wrap around root end 
34'1 



TANDEM HELICOPTER - 1 0 0  PASSENGERS 
NUMBER OF ENGINES TRADE STUDY 

W/A = 9 . 0  L B / F T ~  
VTIP = 7 2 5  FPS 

NUMBER OF ENGINES 

FIGURE 3 . 3 8  . NUMBER OF ENGINE TRADE - INSTALLED POWER. 

3 5 0  



TANDEM HELICOPTER - 100 PASSENGERS 
NUMBER OF ENGINES STUDY 

W/A = 9 .  o L B / F T ~  
VTIP = 7 2 5  FPS 

GROSS WEIGHT 1-1 
WEIGHT EMPTY vA 

FIGURE 3 .39 .  NUMBER OF ENGINE TRADE - GROSS WEIGHT 
AND WEIGHT EMPTY. 

NUMBER OF ENGINES 



TANDEM HELICOPTER - 100 PASSENGERS 
NUMBER OF ENGINES STUDY 

W/A = 9 .o L B / F T ~  
VTIP = 7 2 5  FPS 

NUMBER OF ENGINES 

FIGURE 3 . 4 0 .  NUMBER OF ENGINE TRADE - DIRECT OPERATING COST. 

352  



and a fiberglass D epar. The airfoil section skins are fiber- 

glass crosnply, stiffened by Nomex honercomb core. A titanium 

nose cap provides leading edge erosion protection. 

The blades are fitted with lightening strike protection, 

electrical de-ice and are estimated to have a mean tint? betkeen 

removals of 2,000 hours. 

A schematic of the hub and blade is shown in Figure 3.41. 

The hub is fitted with frequency selective lag dampers. 

The limiting Sactor on helicopter speed and maneuver load 

factor at high speed is generally high pitch link loads due to 

stall flutter. Figure 3.42 shows a semi-empirical eonservstive 

criteria for the inception of stall flutter and it has been 

used to size the rotor solidity to maintain an adequate 

maneuver margin from stall flutter. The three tandem helicopt- 

ers are shown at 1 g and 1.25 g ' s  at cruise speed. 

These aircraft can pull 1.25 g's in a sustained maneuver at 

cruise speed without stall flutter induccd loads. A maneuver 

load factor was not specified in the guiielines (Section4.0) 

and is not specified in FAR requirements. However, a maneuver 

cepabilit;. of 1.25 g's (corresponding to a 37' banked turn 

capability with a turn rci7ius of 3,227 feet at cruise opead) 

is considered adequate for a commercial helicopter flying in 

an Air Traffic Control System. 

Fly-By-Wire Control System - 
The fly-by-wire control system envisaged for the desigc tandem 

helicopter is the flight control system recently flown on the 

Boeing Model 347 helicopter, except that in the commercial case 

3 2 3  
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a quadruple system would be used instead of the triple re- 

dundancy of the 347 system. This additional channel provides 
I 

the means to design a fail operable control system. In thjs 

context "fail operable" is intended to mean that with any 

single failure the pilot suffers no control degradation. 

The elements and functions of the control system are listed 

in Table 3.38 and a basic bl.ock diagram schematic is shown 

in Figure 3-43 . 
Fuel Svstem 

The location of the fuel tanks below the aft cabin floor 

requires that "crashworthy" fuel cells be used. The crash- 

worthy fuels cells used in the tandem helicopter design are 

based on experience with the CH-47C. 

The CH-47C crashworthy fuel cells were designed and developed 

to meet the crashworthy requirements of MIL-T-27422B, which 

requires high tear resistance and the ability to meet an 

impact test of 65 feet per second. The cell construction is 

of a very high strength with a tensile strength of approximately 

36,000 pounts. 

To prevent the cell from tearing when installed on an aircraft 

when a load is applied in any directLon, all hard mounting 

points are designed as frangible attachment. This will allow 

the cell to move in the compartment without rupturing. 

A11 of the connections into the fuel lines have breakawhy 

self-sealing valves which are designed to break when a load is 

applied from any direction and seal the fuel tank and the 

fuel lines. The part of the valve on the tank is designed 
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D210-10858-2 

to be flush with the strmture so that no hang up takes place 

on the structure, thus preventhg the fuel cell from being 

restricted in movement under impact conditions. The impacc 

tests carried out are the human survivable levels of 65 feet 

per second with a time duration not to exceed .005 seconds. 

All impact levels above this are considered to be non- 

survivable and the need to prevent fire is not so great. 



SUBSYSTEMS - TILT ROTOR 
Some of the subsystem requirements for the design point tilt 

rotor have been established in performing the design study. 

The main systems which impact the weight, cost and performance 

are a) drive system, b) rotor system, c) control system, d) 

fuel system, and e) nacelle tilt actuation. 

Tilt Rot.or Transmission - 
The transmission for the design point aircraft is shown 

schen~atically in Figure 3.44. In each nacelle there are two 

engines which drive through overrunning clutches into the 

transfer case. The drive system components are listed in 

Table 3.39 with the dcslgn torques and the conditions 

which size each box. 

The transfer case is sized in cruise at NRP 14,000 feet altitude 

for a total horsepower (2 engines) of 5,824 at cruise RPM. 

The critical mesh torque in the transfer case is 2,525 foot- 

pounds at 6,050 RPM. 

The output of the transfer case drives into the No. 1 bevel 

box which is agzin sized in cruise at NRP 14,000 feet. This 

bevel has a reduction retio of 1:2 and transmits 5,800 horse- 

power at 5,05C RPM to give a critical mesh torque of 6,030 

foot-pounds . 
The second bevel set is sized for the same flight condifion 

and transmits 5,576 horsepower at an output RPM of 4,590 to 

give a maximum torque of 6,700 foot- pounds. 

The main rotor transmission is an overall 25:l reduction ratio 
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to give a rotor shaft RPM of 183.5 and is sized by the cruise 

. I torque at NRP (14,000 feet) which is 164,000 foot-pounds. 

The primary drive train is all sized in cruise at NRP 14,000 

feet, however, the system is almost a match at hover sea level 

standard ,naximum power. 

This bevel has a reducti8.-ln ratio of 1:2 and transmits 5,830 

horsepower at 5,050 RPM to give a critical mesh torque of 

6,030 foot-pounds. The second bevel set is sized for the 

same flight condition and transmits 5,756 horsepower at an 

output RPM of 4,590 to give a maximum torque of 6,700 foot- 

pounds. 

The main rotor transmission is an overall 25:1 reduction i3tio 

to give a rotor shaft RPM of 183.5 arid is sided by the zruise 

torque at NRP (14,000 feet) which is 164,000 foot- pounds. 

The primary drive train ie all sized in cruise at NRP 14,000 

feet, however, the system is almost a match at hover sea level 

standard d a ~  , maximum power. 
The main rotor transmission torque at sea level standard is 

157,000 f(;ot-pounds at hover RPM. The transmission is rated 

at 4.5% higher torque than the ground rule requirement of 

maximum power AEO at sea level standard day. 

The cross shaft bevel boxes are sized by the hover OEI re- 

quirement at sea level 90 degrees F including a torque split 

allowance to meet the hover roll co,itrol requirement. 

The transmission losses used in the analysis are shown in 

Figure 3.39 and combine to give an overall transmission 

efficiency of 7 = 0.974. 
3h3 





Rotor System 

The rotor system used in the tilt rotor design is a hingeless 

soft in-plane rotor. The rotor has three blades and is 

56.3 feet in diameter. The rotor solidity is 0.089 giving a 

blade chord of 31.8 inches, Figure3.45 shows the characteristics 

of the blade. The hingeless rotor is attractive for the 

commercial application since it enables a simpler hub design 

than the other alternatives (qimballed or articulated). 

The rotor out-of-plane flapping excursions are low which 

should make passenger acceptance of the large rotor prppulsion 

system easier. The advantage of design simplicity should 

favorably impact the maintenance and reliability of the aircraft. 

Tilt Rotor - Fly-5y-Wire Controls - 
The tilt rotor control system requires extensive mixing, gain 

and shaping changes as a function of fliqht condition and 

is, therefore, a good candidate for fly-by-wire controls. A 

block diagram of a possible system is shown in Figure 3.46. 

Each of the control inputs is converted to electrical signal 

using linear variable dispiacement transducers. Four trans- 

ducers on each control provide inputs to four fly-by -wire 

channels. Each channel drives one of fodr driver actuators on 

each control. The main ~ctuators are hydraulic and are dual 

actuators which receive command frcm the four driver actuators. 

The control loqic for failure sensi, 3 must be designed to 

utilize the quadruply redundant system to be "fail opzralle" 

with any single failure ,:d " f a i l  safe" with double failure. 

3 6 5  
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In t h i ~  instance "fail operablen is intended to reflect no 

degroyadation of controls in the event of a single failure. 

Tail Rutor Fuel System - 
The fuel tanks are located in the wing. Four self-sealing 

integral fuel cells are used each with a capacity oi 175 

gallons. Each tank contains *P integral fuel pump and cross 

feed valving allows fox fuel re-distribution in flight. The 

system is designed for pressure refueling dt 300 gallons per 

minut:e and incorporates fuel dump values for jettison. 
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4.1 HANDLING QUALITIES AND FLIGHT SAFETY 

4.1.1 Hand1ir.g Qualities Criteria (low speed powered lift mode) 

Except where specific criteria are given, handling 
qualities shall comply with the recommendations of 
AGARD-R-577-70. Two levels of criteria are stated; the 

- first is intended for normal operation and the second 
for operation following any reasonable single failure 
of the gas generator or control system. Definitions 
of the two levels are: 

Level 1: Flying qualities are as near optimal as 
possible and the aircraft can be flomby the 
average commercial pilot, 

Level 2: Flying qualities are adequate to continue 
flight and land. The pilot work load is 
increased 5ut is still within the capabili- 
ties of the average conmercial pilot. \ 

4.1.1.1 Attitude control Power (S.L., ISA + 310~) 

Level 1: At all aircraft weights and at all speeds up 
to VCovr the low speed control power shall be 
sufflclent to satisfy the most critical of 
the two following sets of conditions. 
conditions (a) -- to be satisfied simultan- 
eously 

(1) Trimwith themost critical CGpositbn. 
- 

(2) In each control channel provide maneuvering 
control power equal to t".e most critical 
of the requirements give]. in Table 4.1. 

TABLE 4.1 

r 

 xis 

Roll. 

Pitch 

Yaw 
t 

*For purposes of the design study these should be construed 
as control moment/inertia rather than acceleration measured 
with a control- input, 

Maximum Angular * I .qttitude Angle 
Acceleration afte- ! I; 1 sec after 
a Step Input r\ Step Input 

I 
0-40 kts - -  ----- -I-- I 40-Vcol, , 0-40 kn 40-VCon . 

- + 0.6 rad/sec2 

- +0,)3; rad/sec2 

- +O. 25 rad/sec2 

2 6 deg 
L. 

2 5 deg 

- + 3 deg 

20.4 rad/.- : ' - L O  deg 

- +0.3 rad/sec2 
~0.2 rad/sec2 

- + 6 deg 

- + 5 deg 



These maneuver cont ro l  powers a r e  applied s o  
t h a t  100% of the most c r i t i c a l  and a t  l e a s t  
30% of each of the remaining two need occur 
a i m 1  tancously . 

'Conditions (b) -- t o  be e a t i s f i c d  
eimultaneoualy 

(1) T r i m  in  a 25 k t  TAS cross  wind with 
the most c r i t i c a l  CG posi t ion  

(2)  In each cont ro l  channel provide 
maneuvering cont ro l  power equal t o  50% 
of the values given i n  the previous 
table.  Simultaneous cont ro l  power 
need be no g rea te r  than 100% - 30% - 30"k. 

Level 2: A t  a l l  a i r c r a f t  weights and a t  any speed up 
t o  Vconr the low speed cont ro l  power s h a l l  
be s u f f i c i e n t  t o  s a t i s f y ,  simultaneously, 
the following : 

(1) T r i m  a f t e r  any reasonable s ing le  f a i l u r e  
of gas generator o r  control system. 

(2 )  In  each cont ro l  channel, provide man- 
euvering cont ro l  power equal t o  the 
most c r i t i c a l  of  the  requirements given 
i n  Table 4.2. Simultaneous maneuver 
cont ro l  power need be  no g rea te r  than 
100% - 30% - 3w. 

I ~ o l l  I + 0.3 rad/sec2 1 + 0.2 rad/sec2 I 2 5 deg I + 3 deg 

,Axis 

+ 2 deg I - 

Maximum Angular * 
Acceleration a f t e r  

a Step Input 

Pitch 

+ 2 deg - 

Att i tude  Angle 
in 1 sec a f t e r  

TABLE 4.2 

r a Step Input 

- + 0.2 rad/sec2 

*For purpmes of the design study 
as  control moment/inertia r a the r  
1::ith a control  input. 

these should be construed 
than acce lera t ion  measured 

- + 0.2 rad/aec2 + 3 deg I 2 3 deg - 
1 
1 



4.1.1.2 F l igh t  path Control Power (S.L. to  1000 f t . ,  I S A  
+ 31oF) 

3.1.1.2.1 VTOL (0-40 K t  TAS and zero r a t e  of descent) 

~t a l l  a i r c r a f t  weights and a t  the conditions f o r  50% 
of the maximum a t t i t u d e  cont ro l  power spec i f ied  i n  
para. 1.1.1 i t  s h a l l  be possible  t o  produce the  follow- 
ing incremental accelerat ions fo r  height  control .  

Level i: 

( a )  In  f r e e  a i r  %+ O.lg 

(b) With wheels j u s t  c l ea r  of the ground - O.lOg 
+ 0.059. 

Level 2: 

j a j  In Free air - G.?J, I 9.59 

(b) With wheels jus t  c l ea r  of the ground - 0.10g, 
+ 0.0Og. 

~t s h a l l  a l s o  be possible  t o  produce the following 
hor izonta l  incremental accelerat ion,  b u t  not.simu1- 
taneously with he ight  control.  

Level 1: +0.15g 

Level 2: - +0.10g 

A t  a l l  a i r c r a f t  weights it s h a l l  be possible  t o  produce 
the following s t a b i l i z e d  n e t  v e r t i c a l  force-weight 
r a t i o s  without a t t i t u d e  coct ro l  incats.  

Level 1: - F = 1.05 in  f r e e  a i r  
W 

Level 2: - F = 1.03 i n  f r e e  a i r  
W 

4.1.1.2.2 VTOL Approach (40 k t s  t o  vcon) 

k t  the maximum landing weight and i n  25 k t  crosswind, 
the a i r c r a f t  s h a l l  be capable of making an approach a t  
2000 FPM r a t e  of descent while simultaneously deceler- 
ating a t  0.15g along the f l i g h t  path. 



It  s h a l l  be  possible  to produce the following incremental 
normal acce lera t ions  i n  less than 1.5 seconds f o r  
f l i g h t  path tracking when more than O.lg b u t  l e e s  than 
0.3g can be developed by a i r c r a f t  r o t a t i o n  using p i t c h  
control.  

Level 1: 2 O.lg 

Level 2: 2 0.05g 

It  s h a l l  be  possible  t o  produce the following incremental 
normal acce lera t ion  i n  l e s s  than 0.5 seconds f o r  f l a r e  
and touchdown cont ro l  when more than O.lg bu t  l e e s  than 
0.3g can be developed by a i r c r a f t  r o t a t i o n  using 
pi tch control.  

Level 1: f O.lg 

Level 2: 20.05g 

It s h a l l  Se possible  t o  produce the following incremental 
normal accelerat ion in  l e s s  than 0.5 seconds f o r  f l a r e  
and touchdown cont ro l  when more than O.lg but  l e s s  than 
0.15g can be developed by a i r c r a f t  r o t a t i o n  using 
p i tch  control.  

Level 1: 2 O.lg 

Level 2: 2 O.OSg 

4.1.1.3 VTOL Control System Lags (S.L. t o  1000 f t . ,  I S A  + 31°F) 

The e f fec t ive  time constant (time to  63% of the  f i n a l  
value) fo r  a t t i t u d e  cont ro l  moments and f o r  f l i q h t  path 
control  forces  s h a l l  not  exceed the l eve l s  given in- 
Table 4.3. 

At t i tude  I Control Moments I 

I 

I 0.2 sec  I C.3 uec 

F l igh t  Path 
Control Forces 

Level 1 Level 2 

The s t e p  input is assumed t o  be applied a t  the 
p i l o t s  control.  

0.3 r e c  0.5 sec 



4.1.1.4 S t a b i l i t y  ( S . L .  t o  1000 f t . ,  ISA + 3loF)  

4.1.1.4.1 Low Speed and Hovering S t a b i l i t y  

Level 1: The short  period o s c i l l a t o r y  modes s h a l l  meet 
the optimum zone spec i f ied  i n  Figure 4.1 while 
maintaining other o s c i l l a t o r y  modes damped. 
Aperiodic modes, i f  unstable,  s h a l l  have a 
time t o  double amplitude of g rea te r  than 
20 sec. 

Level 2 : The short  period o s c i l l a t o r y  modes meet the 
Level 2 Lane given in  Figure 4.1. Other 
o s c i l l a t o r y  modes may be unstable  provided 
t h e i r  frequency is l e s s  than 0.84 rad/sec 
and t h e i r  time t o  double amplitude g rea te r  
than 12 sec. Aperiodic modes, i f  unstable,  
s h a l l  have a t h e  t o  do&le amplitude of 
grea ter  than 1 2  sec.  

For those a i r c r a f t  which contain a t a i l  r o t o r  o r  a n t i -  
torque device and the a i r c r a f t  operating a t  the most 
c r i t i c a l  canbination of airspeed, a l t i t u d e ,  gross weight 
and center of gravi ty  (c.s.!, the following requirements 
s h a l l  be met subsequsr.l t o  the l o s s  of t a i l  r o t o r  t h r u s t  
( h a l l  ro to r  i n t z z t )  or complete separat ion of the an t i -  
torque t a i l  ro to r  and t a i l  r o t o r  gearbox from the  
a i r c r a f t  in  forward f l i g h t :  

a. The lonyiksciinal c.g. s h a l l  not s h i f t  forward more 
than. 25% of the Lctal cog. range. 

b , / ~ h e  a i r c r a f t  s h a l l  not p i t ch  uncontrollably,  
/ 
I 

c. A t  the speed for  minimum power required,  the a i r -  
c r a f t  s h a l l  have s u f f i c i e n t  d i r ec t iona l  s t a b i l i t y  
t o  maintain l eve l  f l i g h t  a t  a s i d e s l i p  angle no 
grea ter  than 20 degrees. 

d ,  It s h a l l  be possible  to  perform a s a f e  landing on 
a l eve l  paved surface without exceeding a sideward 
d r i f t  component of 6 KTAS a t  sea l e v e l  standard 
day conditions. 

4.1.2 VTOL Takeoff and Landing Safety C r i t e r i a  

With the se lec ted  takeoff or landing operat ional  
procedure, any reasonable s ing le  f a i l u r e  of gas genera- 
tor  or  cont ro l  system, together with a simuXtaneous 
d i sc re te  gust  as defined by MIL-F-8715B (ASG),  

A-R 





about any axis, the a i r c r a f t  s h a l l  be capable of 
continued sustained f l i g h t .  

The a i r f i e l d  s h a l l  be assumed t o  be a t  sea l e v e l  and 
the atmosphere ISA + 3loF with a 25 k t  c ross  wind. 

The maximum takcof f weight and maximum landing weight 
s h a l l  be the same. 

Rolling Takeoff and Landing Safety C r i t e r i a  

A requirement comparable t o  t h a t  given i n  Section 4.1.2 
s h a l l  be s a t i s f i e d .  

* 
clinib out an? landing gradients  s h a l l  be (15: l )  and 
(30 :1) with and without a configuration change. 

conversion Requirements 

I t  mus t  be possible  t o  s top  and reverse the conversion 
procedure quickly and safely without undue complicated 
operation of the powered l i f t  controls .  

Fuel Reserves 

I Fl ight  t o  a l t e r n a t e  a i r p o r t  I I 

I 

These reserves a r e  t o  be calculated on the b a s i s  
t h a t  the  f l i g h t  t o  the a l t e r n a t e  a i r p o r t  s h a l l  be  
a t  the most economic f u e l  consumption condition, 
and the hold a t  5000 f t .  i s  on the  descent a t  the  
a l t e r n a t e  a i rpor t .  

Holding a t  5000 f t .  and 
most econmical  speed 

System Fai lures  

20 mine 

Upon any s ing le  reasonable f a i l u r e  of the propule ion 
or  the control  systems, while a t  mximum VTOL design 
gross weight, the a i r c r a f t  s h a l l  be capable of con- 
t inuing sustained f l i g h t .  This includes, upon an engine 
fa i lu re ,  sustained hovering f l i g h t  out of ground e f f e c t ,  
sea leve l  90°F day, ak maximum design tzkeoff gross  
weight. ~n emergency r a t i n g  of 1.09 times the engine 
takeoff power r a t i n g  i s  permitt-ed on the operat ive 
engines . 



Aircraf t  Operating Capabili ty 

~aximum r a t e  of descent f o r  gear design s h a l l  be 4@3 
f t .  per minute. 

Airports are a t  sea l eve l  with an ambient air  temperature 
of 900F. 

Payload - Range 

Each passenger w i l l  be  assumed t o  have a weight of 180 
lb.  (160 lb. per passenger and 20 Ib. of non-revenue 
baggage). No revenue cargo is assumed. Nonstop range 
is standard atmosphere s t i l l  a i r  a t  maximum payload a t  
normal c r u i s e  airspeed and without using reserve f u e l  . 
s h a l l  be a s  d ic t a t ed  i n  the  Statement of work. 

Cruise Airspeed and Alt i tude 

Cruise speed s h a l l  be as specif ied in  the Stat'Srncnt of 
Work. Cruise a l t i t u d e  s h a l l  be  such t h a t  the  c ru i se  
dis tance is a t  l e a s t  one-half of the t o t a l  irtage length. 

Mission Pro f i l e  

The mission p r o f i l e  is shown in  Figure 4.2. Maximum 
airapeed s h a l l  not  exceed 250 k t  IAS below 10,000 it. 
a l t i tude .  For pressurized operation, climb r a t e r  a h a l l  
be such t h a t  the r a t e  of cabin pressure a l t i t u d e  
change does not  txceed 500 fpm and descent rate0 a h a l i  
be such t h a t  the r a t e  of cabin preaoure a l t i t u d e  change 
does not  exceed 300 fpm. 

NOISE LEVELS 

As specif ied i n  the Statement of work. 

4.4 GENERAL DESIGN GUIDELINES 

4.4.1 Number of Crew and Cebin Attendants 

Accommodation and equipment s h a l l  be  provided f o r  a 
f l i g h t  crew of two and far  one cabin at tendant  per 50 
passengers. I n  addition,  somi: provir ian s h a l l  be made 
on the  f l i g h t  deck f o r  an occaricnal  f ? i 3 h t  observer, 
Each crewman plus  gear weighs 190 pounds, and each 
cabin at tendant  plun gear weigh8 140 poundam 
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ACCELERATION 
TO CLIMB SPEED DECELERATIOd 6 

CQNVERS ION 
WINDING 

SEGMENT 

Taxi  Out -- 
Takeoff , T r a n s i t i o n  
& Conversion t o  
Conventional F l i g h t  

VTOL VTOL 

1 min.  0  

- 
P. ir Maneuver 
(Or ig in)  

Accelera t ion  t o  
Climb Speed As Calcu la ted  

As c a l c u l a t e d  A t  Const .t I n t e g r a l  
1000 ft . ~ l t i t u d r s  (r: Cru i se  

Descent t o  
2000 ft. 

As Calcu la ted  5000 fw m x h u r  
ra ta  of Descent 

- - 

A i r  Maneuver a t  
1 .5 min. 0  

- 

2000 f t  . ( d e s t i n a t i o n  

-- 

Decelera t ing  Approach 
and  anv version t o  
Powered ~ i f t  F l i g h t  
2000 f t .  t o  1000 f t .  

As Calcu la ted  
1000 fpm maximtm 
Rate of Descent 

A 8  Calcu la ted  

1000 fpm maximum R a t s  
of Deocent ~ o v n  to 
35 f t .  

T r a n s i t i o n  and 
landing from 1000 ft .  
t o  Touchdown 

600 fpm Maximum ~ t e  
of berrccnt Belov 35  f a 

Taxi I n  1 min. 

FIGURE 4 2 V/STOL MISSION PROFILE DEFINITION 



Airc ra f t  Derign Li fe  

Aircraf t  derign l i f e  s h a l l  be 40,000 hours. 

Baggage Hold 

1.5 cubic feeL per passenger s h a l l  be ~ r o v i d e d  i n  locked 
overhead compartmerct, under sea t ,  o r  near door rack f o r  
carry on luggage. 2.5 cubic f e e t  s h a l l  be provided 
fo r  checked luggage. 

Auxiliary Power Unit ( A W )  

The a h c r a f t  s h a l l  be equi?ped with an Am t o  meet the  
needs of s t a r t i n g ,  ground a i r  conditioning and heating. 

Aircraf t  Materials 

The a i r c r a f t  deaigns a r e  t o  be based on a 1985 opera- 
t iona l  time period. The contractor s h a l l  assume t h a t  
the airframe s t r u c t u r a l  weight w i l l  ! reduced approxi- 
mately 25% by the use of composite mater ials .  

A l l  Weather capab i l i ty  

1 t i s  t o  be  assumed t h a t  by 1985, a system to  permit 
a l l  weather operation w i l l  have been ootdblished and 
t h a t  the V/STOL short-haul t ransport  slystem w i l l  uee it. 

C.G. L i m i t s  

The allowable center  of gravi ty  t r a v e l  s h a l l  be a . 6 -  
loadlsh i f  t of % of the  passenger cabin length. ' - 
c ru i se  S t a b i l i t y  

The a i r c r a f t  a: configured f o r  c r u i s e  f l i g h t  s h a l l  
be s t a t i c a l l y  skablo with a s t a b i l i t y  margin of 0.05 
a t  the c r i t i c a l  center of gravi ty  without s t a b i l i t y  
augmentation. 

Standard Weight ~temr 

The weights  hall be a s  provided i n  Table 4.4. 



D 2 1 0 - 1 0 8 5 8  -2 

TABLE 4.4 

I ITEM I WEIGHT 1 
I WEELS, TIRES. AND BRAKES I COMPANY OPTIMUM I 

I INSTRUMENTS (Flight and ~avigation) I I 
I ELECTRICAL (Excluding ~enerat ing 
I ~quipmsn t ) I 1200 lbs. I 
ELECTRONICS (~ommunicat ion, Flight, 

and Navigation) 

1 AUXILIARY WWER UNIT INSTALLATION 

SEATS AND BELTS 
I 
PASSENGER: DOUBLE 

TRIPLE 

CREW SEATS: CABIN CREW 

FLIGHT CREW 

16 lb/passenger 

16 lb/crew 
member 

4il lb/crew 
member 

I LAVATORY 
I BEVERAGE ONLY 1 200 lb/total I 

I 

AIR STAIR 1 400 lb 1 
4-4-10 Fly-by-wire Control Systems 

Fly-by-wire control systems are permitted. Control 
configured vehicles (ccV), such as tailless tilt rotor 
configuration, are not permitted. 

The rotor gearboxes shall be designed for the maximum 
rated enqine power and torque under sea level standard 
day conditions. 

4.4.12 Engines 

Rubberized versions of existing engine designs are 
permitted, as appropriate for commercial service in 
1985. The engine specific weight shall be pounds 
per shaft horsepower, and as a guideline example fuel 
consumption values are . 



4.5 PASSWGER COMFORT 

3 This section is concerned with criteria related to 
passenger comfort rather than passenger safety. These 
criteria usually impose more severe design restrictions 
than do the safety criteria. Because of their possible 
impact on economics, the penalties they incur should be 
carefully considered during the course of the study. 
As a goal, the aircraft shall have a level of comfort 
equal to that provided in the tourist section of, 
commercial jet airliners. The maximum vibration level 
should at least no exceed 2 .05g at fxequencies up to 
20 HZ. 

4.5.1 Attitude Changes in Normal O~eration 

The fuselage deck attitude relative to the horizontal 
shall not exceed +20 degrees or be less than -10 degrees. 

4.5.2 Force changes in Normal Operation 

The maximum +..-. force changes acting on the passeuger, due 
to a nmmaf maneuver, shall riot exceed 

- - -. - . .  
----.  , . 

. -  . - - ( + 0.1 laterally - . 
-2 . , '.- '.. A . - ) 

I J '  ' ,  - .  + O.4g longitudinally\ 
I 7 :  

+ 0.49 - 0.2g vertically 
I - - 

These force changes are measured relative to a set of 
axes fixed in the passenger seat scch that, in level, 
unaccelerated flight, the gravitational vector is 

. - along the vertical axis.. 

4.5.3 cabin Noise 

The sound level in the flight crew and passenger cabins 
shall not exceed speech interference levels, namely 
75 db for takeoff and 70 db for cruise. The three 
preferred octave bands for this basis shall have mid- 
range frequencies of 500, 1000, and 2000 Hz. 

4.5.4 Ride Qualities in Turbulence 

Short haul V/STOL transport missions, particularly 
those of less than about 100 sm st;ge length, are moBt 
economically operated at altitudes wrlj ch are low 
compared with medium and locg range mlssionr operated 
by conventional jet transports . 



Since the a i r  turbulence rms l e v e l  increases  rapid ly  
below an a l t i t u d e  of 30,00D f t .  it  is c lea r  t h a t  accep- 
tab le  r i d e  q u a l i t i e s  a r e  going t o  be more d i f f i c u l t  
t o  a t t a i n  in  shor t  haul V/STOL t ransports .  It  i s  even 
possible t h a t  r i d e  q u a l i t i e s  considerat  ions may have 
a primary influence in  both a i r c r a f t  design and 
operating techniques. 

In  Figure 4.3 an approximate boundary condi t ion f o r  
acceptable r i d e  q u a l i t i e s  is given a s  a function of the 
gust s e n s i t i v i t y  parameter, an/ude, versus a l t i t u d e .  
It is  not required t h a t  i n i t l a l  a i r c r a f t  conceptual 
designs meet these r i d e  q u a l i t i e s  c r i t e r i a .  I t  w i l l  
be expected tha t  f i n a l  conceptual designs w i l l  be  
evaluated t o  determine t h e i r  gust  s e n s i t i v i t y .  For 
t h i s  purpose each f i n a l  conceptual design w i l l  be 
evaluated a t  c ru i se  a l t i t u d e  and fo r  c ru i se  a t  10,000 
f e e t  and the respect ive gust  s e n s i t i v i t y  value w i l l  be 
compared with t h i s  r i d e  q u a l i t i e s  boundary. Should 
the f i n a l  design f a i l  t o  meet t h i s  c r i t e r i a  the con- 
t r ac to r  s h a l l  present the weight penalty which would 
occur i f  the c i r c r a f t  meet t h i s  c r i t e r i a .  
(an = incremental normal ~ z c e l e r a t i o n ,  g u n i t s ;  
Ude = derived gust veloci ty ,  f t / s e c ) .  

4.5.5 Passenger cabin Requirements 

Aisle width - 19 inches 

Seat p i t ch  - 34 indhes 

Seat width - 21 inches (overa l l )  

Dual. Aisle 

cabin baggage 

Overhead - carry-on soft-type only 
Under s e a t  - room fo r  a t tache  case (9" x 16" x 23") 

Floor mounted coat  rack (capacity fo r  80% of passengers) 

Beverage serv ice  

Lavoratories - one per 50 passengers 

Magazine racks - one per 50 passengers (maximum of two) 

Folding t ab le  - one per s e a t  . 





A i r  vent - omper passenger 

TWO entrance doors - one with self-contained means of 
egress 

Ticket center 

Attendants seats  

4.6 ECONOMICS 

To be provided by NASA. 
,--, .- , 

I .  . . - , , rr.' . 1 



NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
AYES RESEARCH CENTER 

MOFF m FIELD. CALIFORNIA 94035 

. February 14, 1974 

Boeing Vertol Coc?any 
Attn: Mr. J .  b g e e  
P.O. Box 16858 
Philadclphia, PA 19142 

Reference: Contract XAS2-LC48 

In accordance with the gui5clir.e review coordination meeting h e l d  . 
a t  the Ames Research Center on February 11 and 12, 1974,  the 
changes made to  Appendix A of the contract Staterrent of Work are 
enclosed. 

J Woodrow L .  Cook 
Chicf, V/STOL Projects Off ice  




